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ABSTRACT

Different zinc oxide (ZnO) morphologies were synthesized via a thermal evaporation-like
technique without a catalyst introduction. The morphology of ZnO has been controlled by
varying the evaporation pressure of ambient air. X-ray diffractometer and field emission
scanning electron microscope were used for crystallinity and morphology investigation,
respectively. The X-ray data confirmed the purity and crystallinity of the as-prepared ZnO
structure. A variation of the pressure led to different morphologies of ZnO nanostructure
such as nanocombs and nanorods. The influence of these different morphologies on the
photocatalytic activity was performed on a water wasted methylene blue. The results
showed the geometry of one-dimensional nanostructures deposited at different pressures
strongly controls the photocatalytic activity of ZnO. The most suitable photocatalytic perfor-
mance was recorded for ZnO deposited at 0.15 Torr, which showed one-side nanocombs of
long nails.
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1. Introduction

Recently, researchers have paid attention to obtain
various structures of materials in nanoscale, looking
for new or enhanced properties of these materials.
Nanostructured materials have drawn considerable
interest because of their special properties such as sur-
face-to-volume ratio, high activity, special electronic
properties, and unique optical properties. Wide band
gap semiconductors have a great attention due to their
wide applications. They express novel physical and
chemical properties associated with their low

dimensionality and size confinement [1]. The proper-
ties and performance of oxide-based devices can be
dramatically influenced by their morphology [2,3]. A
considerable dissimilarity for the geometry of one-di-
mensional (1D) nanostructure can be observed in
many prepared materials, depending on the prepara-
tion methods. It is known that when nanoparticulate
materials are used the average crystallite size is con-
sidered, while when 1D material is used the specific
geometry of every crystal is considered. Thus, creative
kinds of 1D nanomaterial have recently been success-
fully targeted [4–6]. Among these materials, there is a
much interest of metal oxide, especially zinc oxide
(ZnO). ZnO is the most promising n-type materials
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and exhibits both semiconducting and piezoelectric
properties [7]. ZnO thin films have a wide band gap
of 3.37 eV and an exciton binding energy of 60 meV.
Accordingly, ZnO has been used as photocatalyst for
water purification [8], UV light-emitting diodes [9,10],
field emission devices [11], solar cells [4,12], and gas
sensors [13].

Several chemical and physical methods can be
used to prepare ZnO nanostructures, such as electro-
chemical deposition [14], sol–gel [15], chemical vapor
deposition [16], spray pyrolysis [17], thermal evapora-
tion [18], ultrasonic irradiation [19], sputtering [20],
and hydrothermal process [21]. Among these methods,
the thermal evaporation method has been widely used
due to low cost, simplicity, and utilization for control-
ling the morphology.

The photocatalytic process-based semiconducting
oxides have been received significant attention as
environment-friendly, low production cost, and sus-
tainable treatment technology in the water purification
[22,23]. The ability of advanced oxidation technology
has been widely established to remove persistent
organic compounds and micro-organisms in water
[24,25]. According to the simplified Langmuir–Hin-
shelwood kinetic model, the reaction occurs on the
surface of a photocatalytic layer. Therefore, any
increase in the active surface area or changes the
structure geometry of the oxide would optimize the
oxide performance.

Controlling the morphology of synthesis ZnO is
very important to nanoscale science. The morphology
of ZnO nanostructures can be controlled via different
techniques [5–9]. The synthesizing parameters during
the thermal evaporation process, such as temperature
and pressure, have an important influence on the
structure and morphology of the product [26]. There-
fore, we report on the formation of various morpholo-
gies of ZnO nanostructures by one-step thermal
evaporation-like technique without the presence of a
catalyst at relatively low deposition pressures.
Another main goal of this study is to investigate the
effects of pressure on the structural parameters and
morphology and to correlate the morphology of ZnO
nanostructures and their photocatalytic performance
demonstrated.

2. Experimental techniques

The fabrication of ZnO was carried out using the
thermal evaporation method, following the procedure
discussed elsewhere [2,27]. The commercial ZnO pow-
der (purity 99.99% from Sigma-Aldrich) of 10 mg was
placed in a small alumina crucible which was covered
by SiO2/Si substrate. The chamber was evacuated

using a rotary vacuum pump up to deposition pres-
sures of 0.15, 0.3, 0.7, and 1 Torr of ambient air. The
crucible was then heated from room temperature (RT)
to 900˚C within three minutes and maintained at this
temperature for one hour. At the end of the deposi-
tion, the crucible was cooled down to RT under the
same pressure, leading to a substrate surface coated
with a thick layer of ZnO products.

The surface morphologies of ZnO nanostructures
were characterized by field emission scanning electron
microscopy (FE-SEM) Model JEOL, FE-SEM 6700 oper-
ating at 5 kV. The crystalline structures of the ZnO
samples were characterized by X-ray diffraction (XRD)
using a diffractometer with CuKα radiation Model Shi-
madzu XRD-6100. The XRD charts were measured
within a range of 20˚–65˚ at a scanning rate of 2˚/min.

The UV–vis absorbance spectra were measured
using Lambda 750 UV–vis spectrophotometer with a
scanning rate of 5 nm/s. The photocatalytic activity of
ZnO was estimated by the degradation of methylene
blue (MB) of 1 × 10−6 M. The experiment was carried
out in a Pyrex reactor and an artificial sunlight simula-
tor of 100 mW/cm2 Model Oriel SO12A Solar Simula-
tors associated with an ultraviolet filter. The
degradation of MB in water was determined by moni-
toring the changes of the main absorbance peak
observed at a wavelength of 664 nm. The photocatalytic
efficiency (η) of MB has been evaluated by using Eq. (1):

g ð%Þ ¼ C0 � Ct

C0
� 100 (1)

where C0 is the initial dye concentration and Ct the
residual dye concentration after the irradiation time (t).

3. Results and discussions

3.1. Crystal structure and morphology of ZnO
nanostructures

Fig. 1 shows the XRD patterns of ZnO deposited on
Si substrate at various deposition pressures of 0.15, 0.3,
0.7, and 1.0 Torr, corresponding to sample I, II, III, and
IV, respectively. It can be seen that the observed peaks
are in good agreement with a hexagonal structure of
ZnO (a = 3.248 Å and c = 5.199 Å), and consistent with
the standard values of pure ZnO crystal (JCPDS Card
No. 36–1451). Clear and sharp diffractions revealed the
high crystallinity of the deposited ZnO films. The
diffractions of ZnO films observed at 32˚, 34.4˚, 36.3˚,
47.7˚, 56.7˚, and 62.9˚ are corresponding to the planes of
(1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), and (1 0 3), respec-
tively. Additionally, no diffraction peaks are observed
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for metallic zinc, other phases, or any other impurities
expect the Si peak observed at 33.5˚ due to the substrate.
As the deposition pressure increased, the preferred ori-
entation of crystallization changed from (1 0 1) to
(0 0 2), keeping the hexagonal structure. The full width
at half maximum value of the peaks decreased with
increasing the deposition pressure, leading to an
increase in the crystallite size. The effect of deposition
pressure on the average crystallite size, D, is estimated
by well-known Scherrer equation. The average crystal-
lite size is slightly increased from ~3 to 6 nm when the
deposition pressure increased from 0.15 to 1 Torr.

The morphology of ZnO nanostructures is shown
in Fig. 2. It is observed that ZnO nanostructure was
significantly affected by the variation of the deposition
pressure. One may observe a considerable diversity in
the geometrical parameters of 1D nanostructures. As
observed in Fig. 2(a) of the sample I there are a kind
of morphology with a smooth surface and high den-
sity; namely, one-side nanocombs. Each nanocomb

consists of several ZnO nanonails or nanoteeth parallel
to each other. As seen in XRD charts of Fig. 1(a), the
(1 0 1) intensity is slightly higher than (0 0 2) peak,
indicating that ZnO has a preferred orientation along
the (1 0 1) direction. The diameters of nanonails are
irregular, where they are wide at the bottom and nar-
row at the tip. One-side nanocombs exhibit average
diameter, length, and inter-distance between the
nanonails of ~75 nm, 2 μm, and 50–200 nm, respec-
tively. The morphology of the fabricated ZnO changed
to a nanorods-like structure when the deposition pres-
sure changed up to 0.3 Torr, as shown in Fig. 2(b).
Each rod has an average length of ~4 μm and diame-
ter of ~400 nm. As the pressure was more increased
up to 0.7 Torr, the nanorods-like structure increased in
both length and diameter, as shown in Fig. 2(c). With
increasing the pressure up to 1.0 Torr, a two-side
nanocombs-like structure with thick and short teeth is
formed. The growth of the teeth occurred in one and
two opposite directions, as observed in Fig. 2(d).

The growth mechanism of ZnO nanostructures can
be interpreted by the vapor–solid process, where no
metal catalyst is used. The growth mechanism of the
present method is illustrated in Fig. 3. First, the
arrived atoms or molecules at the Si substrate adsorb
on the surface (Fig. 3(a)). These adsorbed molecules
react with each other as well as the substrate surface
to form the bonds. The initial aggregation of the
adsorbed species will be the nuclei of crystals
(Fig. 3(b)). As a result of the vapor continuity, some of
the small crystals were grown from limited nucleation
sites to form 1D nanostructure (Fig. 3(c)). If the
growth pressure is changed, the growth temperature
is expected to change, leading to a change in the
nucleation rate which causes a large change in the
morphology of ZnO [28].

As it is clear from SEM images, the pressure is
assumed to be an essential parameter for controlling
the morphology of ZnO nanostructures. Liu et al. have
reported on the fabrication of ZnO nanostructures via
thermal evaporation at relatively high pressures and
temperatures [26]. In their case, the geometrical
dimensions (diameter or width) of the ZnO nanostruc-
ture were reduced as the deposition pressure
increases. In the present method, the collisions
between the atoms and ambient air lead to a reduction
in the evaporation rate as compared with that at low
pressure. However, if the pressure is high, the oxygen
and the zinc partial pressure in the reaction chamber
are high, and then the growth of as structure with a
large dimension takes place. Thus, the geometrical
dimensions are thinner for the thermal evaporation
process performed at a low pressure. This observation

Fig. 1. XRD charts of ZnO deposited on bare Si substrate
at (a) sample I: 0.15, (b) sample II: 0.30, (c) sample III: 0.70,
and (d) sample IV: 1.00 Torr.
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is a result of the nucleation rate which has a great
impact on the nanostructure dimensions.

3.2. Photocatalytic activity of ZnO nanostructures

The photocatalytic activity of the fabricated ZnO
nanostructures was evaluated by degradation of MB
in water under UV light. Commonly, MB is a

representative organic dye in textile effluents, stable
under visible light irradiation, and easily monitored
by optical absorption spectroscopy [29]. The concen-
trations of MB during the photocatalytic reactions
were determined by monitoring the changes of the
main absorbance maximized at 664 nm.

Fig. 4 shows a selection of the absorbance variation
of MB at different time intervals for the sample I, as

Fig. 2. Nanoscale geometry corresponding to FE-SEM images of the ZnO nanostructures grown by the thermal
evaporation method for (a) 0.15, (b) 0.30, (c) 0.70, and (d) 1.00 Torr.

Fig. 3. Growth mechanism of 1D nanostructure: (a) arriving atoms or molecules at the Si substrate, (b) initial aggregation
for formation of the nuclei, (c) starting growth of 1D nanostructure, and (d) the grown 1D nanostructure.
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an example. It can be seen that water turned approxi-
mately colorless within 135 min of irradiation time. A
similar experiment was carried out for other samples.
The variation in concentration of MB solution is plot-
ted with the irradiation time in Fig. 5. The degradation
of MB with irradiation time can be described as an
exponential function. As observed in Fig. 5, the sam-
ple I exhibited a significantly highest photocatalytic
activity compared with the other samples. This obser-
vation exhibits a good correlation between the struc-
tural parameters of ZnO nanostructures and their
photocatalytic activity. In a photocatalytic system,
photo-induced molecular transformation or reaction
takes place at the surface of the catalyst. A basic
mechanism of photocatalytic reaction on the genera-
tion of an electron–hole pair and its destination is pro-
posed as follows: when a photocatalyst is illuminated
by energy higher than its band gap, electron migrates
to the conduction band and hole is formed in the
valence band. The holes can generate hydroxyl radi-
cals which are highly oxidizing in nature. The holes
could react with dye molecules and abstract electrons
where the degradation process occurs [30–34].

The photo decolorization of MB in the presence UV
light radiation is thought to be a pseudo-first-order
kinetic reaction. The semi-logarithmic relationship of
the concentration of MB vs. irradiation time yields a
straight line, as shown in Fig. 6(a), indicating a pseudo-
first-order reaction [35]. Using the following equation,
one can calculate the degradation rate constant, k and
the adsorption equilibrium constant, K [36]:

ln
C

C0

� �
¼ �kKt þ KC0 1� C

C0

� �
(2)

when the concentration of MB is very low (KC << 1),
the Eq. (2) can be simplified to the following Eq. (3):
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ln
C

C0

� �
¼ �kKt þ KC0 (3)

Linear relation of ln(C/C0) vs. the irradiation time, t,
was obtained for every samples, as shown in Fig. 6(b).
Accordingly, the values of K and k were estimated
from the intercept and slope, respectively. As obvious
from this figure, the sample I exhibits the faster reac-
tion rate, while the sample III exhibits higher adsorp-
tion ability, comparing to the others. The MB
maximum adsorption ability of 1.09 × 105 M−1 was
observed for nanorod structure while the minimum
adsorption ability of 1.05 × 104 M−1 was observed for
one-side nanocombs structure. A contrary, the maxi-
mum degradation rate of 2.2 × 10−6 M min−1 was
recorded for one-side nanocombs structure while the
minimum degradation rate of 1.4 × 10−7 M min−1 was
recorded for nanorod structure. The photocatalytic
activity recorded for sample III is higher than that
recorded for sample IV, although the lowest value of
degradation rate of sample III. This could be attribu-
ted to the highest value of the adsorption equilibrium
constant.

4. Conclusion

In summary, various morphologies of ZnO nanos-
tructures such as one-, two-side nanocombs, and
nanorods have been successfully synthesized by a
developed thermal evaporation method. The morphol-
ogy of ZnO was controlled by the variation of deposi-
tion pressure. XRD analysis studied the crystal
structure and confirmed the pure phase of ZnO prod-
ucts prepared by the present method. The photocat-
alytic activity of these various morphologies was
performed on methylene blue-wasted water. From the
experimental observations, the photocatalytic activity
of ZnO dramatically depends on the geometry of
examined nanostructure. The degradation rate and the
adsorption equilibrium constants were calculated for
these different morphologies. It was found that one-
side ZnO nanocombs of long nails exhibited much bet-
ter photocatalytic efficiency comparing with other
nanostructures.
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