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The influence of ZnO nanomaterial morphologies on their photocatalytic activity was 
studied. The ZnO nanobelts and the network of hexagonal disks were grown by pyrolysis 
in ammonium chloride. ZnO tetrapods were produced by plasma-assisted technology. The 
nanobelts and tetrapod arms were growing along the c-axis. The sidewalls of nanobelts 
comprise (21�1�0) and (011�0) plane, while the needle-shape arms of tetrapods are known 
to consist of altering {011�0} and semi-polar {101�1} facets. The hexagonal ZnO disks have 
exposed mainly (+0001) facets with the highest surface energy. They showed the highest 
photocatalytic activity for the degradation of methylene blue, dissolved in water to a 
concentration of 100 mg/L. 
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1. Introduction 
 
Bulk and nanosized zinc oxide is a well-studied, versatile and smart material with a wide 

range of industrial applications [1-4]. Because of its non-toxicity and high biocompatibility, the 
application range also includes medical and pharmaceutical usage [5-8]. The electrical, optical and 
chemical properties of nanosized ZnO strongly depend not only on its size and morphology but 
also on the surface area of exposed crystal facets [9-13]. To create nanomaterials with a high level 
of activity, careful control of a high-energy crystal plane exposure during the synthesis of ZnO is 
needed. 

The growth of nanomaterials with different shapes proceeds as self-assembling processes 
governed not only by the thermodynamics and kinetics of synthetic reactions but also by 
electrostatic driving forces that arise between constituent species. As is well known, the last item 
is of particular importance for the growth of ZnO-based nanomaterials because the chemical bond 
between Zn and oxygen atoms has a high ionic and low covalent constituent. This results in the 
appearance of a natural dipole and in strong piezoelectric effects. The thermodynamically most 
stable wurtzite structure ZnO consists of alternating oxygen and Zn atomic layers stacked along 
the c-axis.This causes the formation of polar, oxygen terminated negatively charged (-0001), and 
positively charged Zn terminated (+0001) planes.  The basal (+0001) plane has the highest surface 
energy of 2.25 J/m2 as compared to the family of {011�0} (1.12 J/m2) and {112�0} (1.06 J/m2) prism 
planes [14]. Accordingly, the abundance of the non-polar (112�0) and (101�0) surfaces of wurtzite 
ZnO is due to their small surface energies. On the other hand, the fabrication of a catalyst with a 
large area of energetic (0001) facets is an important issue for the production of active 
photocatalysts, which may be used for the purification of wastewater [15,16].  

The first purpose of this work was to study the morphology and structure of ZnO 
nanomaterials synthesized by pyrolytic and plasma deposition technologies. The second purpose 
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was to evaluate the activity of produced nanomaterials for photocatalytic decomposition of 
methylene blue dissolved in water. 

 
 
2.Experimental  
 
The pyrolytic technology was used for producing ZnO nanobelts and hexagonal plates. 

The details of this technology are described elsewhere [17]. It implied the application of a vertical 
quartz tube reactor, evacuated down to 2×10-5 Torr. The mixture of 99.999 purity Zn and ZnO 
powders, together with ammonium chloride (NH4Cl) was placed on the bottom of the reactor. The 
total mass of the mixture was 2.1 g, while the mass of NH4Cl was kept at 0.9g, and Zn:ZnO mass 
ratio was changed from 0.5 up to 2.0. The Si substrate was placed at 2-4 cm above the Zn source 
and its temperature was controlled by changing this distance. The source was heated to desired 
temperature (200-550°C) by an external resistive furnace. The growth process was controlled by 
varying the furnace temperature, Zn:ZnO ratio and source-substrate distance. 

ZnO tetrapods were synthesized using the plasma arc burner. The details of this plasma-
assisted technology are presented in [18]. 

The morphology and composition of synthesized nanomaterials were studied using the 
Scanning Electron Microscopy (SEM) (Tescan Vega 3 LMU) equipped with Oxford Systems 
Energy-Dispersive Spectrometer (EDS). The structure was analyzed by the Transmission electron 
microscope (TEM, Phillips CM-12) and X-ray diffractometer (XRD, Rigaku Smartlab-5).  

For the evaluation of catalytic activity, the grown ZnO was scraped off from the substrate 
and mixed in the dark with the solution containing the known concentration of methylene blue. 
The concentration of the catalyst in the solution was kept at 100 mg/L. We irradiated the 
suspension for the pre-defined time and distance of 20cm, using the Xe lamp ДКсШ (100W) that 
served as the sunlight simulator because it emitted the light in the range close to the spectrum of 
the sun. 

 The small volumes of liquid were taken from the catalyst-dye suspension at certain time 
intervals and separated from the catalyst, then placed in the quartz cuvette and analyzed its optical 
absorbance at λ=662nm wavelength using UV-Vis spectrophotometer СФ-26. 

The photodegradation (photodecolorization) rate was calculated as: R(t)=[1-
(A(t)/A(t0)]×100%, where A(t0) and A(t) are the absorbance values at time t0 and t respectively. 
The value of R(t) is in fact equivalent to the mole percentage of degraded methylene blue. The 
details of the measurement are described in [19].  

 
 
3. Results and discussion 
 
SEM and TEM images of ZnO nanobelts, grown on the Si surface at a substrate 

temperature of 420°C and Zn:ZnO=1.6, are shown in Fig. 1. The widths of nanobelts vary in a 
wide range beginning from 30 nm up to 250 nm, while their thicknesses have a more narrow size 
distribution, and vary from 20 to 50 nm. The ball-shaped catalyst tips were observed for all 
nanobelts, indicating that they were grown by the Vapor-Liquid-Solid (VLS) mechanism. The 
tapering and kinks were also observed in nanobelts.  
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Fig. 1. SEM (a,b) and TEM (c,d) images of VLS grown ZnO nanobelts. The SAED pattern is shown in the 
inset of Fig. 1(c). 

 
 
The composition of nanobelts was analyzed by EDS method (the data are not presented). 

As it was expected, the tip comprises a Zn-rich catalyst. The concentration of oxygen in the 
nanobelt body was 5 at.% higher (47 at.% Zn and 53 at.% oxygen) than in stoichiometric ZnO. 
The exposure to the atmosphere followed by the adsorption of oxygen when loading a sample into 
the microscope for EDS analysis can explain the observed increase in oxygen content.  

The Selected Area Electron Diffraction (SAED) pattern of nanobelts is shown in the inset 
of Fig. 1c. It confirms the hexagonal wurtzite structure of nanobelts. They grow along the c-axes  
([0001] direction), which is the most commonly observed and fastest growth direction for ZnO 
nanobelts. As for the sidewalls of the nanobelt, the wide front plane is indexed as the (21�1�0) one, 
while the sidewall comprises (011�0) plane.   

The next nanomaterial that was used for the photocatalytic decomposition of water 
contaminants is shown in Fig. 2. It comprises hexagonal ZnO disks with an average thickness of 
200 nm and a mean diameter of 1.5 micrometers. The substrate temperature was again 420°C, 
while the Zn:ZnO mass ratio in the source was reduced to 0.5. The SEM images of this 
nanomaterial are presented in Fig. 2a and its lower insets. The network of hexagonal plates is 
easily visible. 

 



1088 
 

 
 

Fig. 2. (a) SEM image of hexagonal ZnO disks. The right and left insets show the magnified view of 
nanodisks and their SAED pattern;  (b) the XRD pattern of ZnO hexagonal disks (b). 

 
 
The lower inset of Fig. 2a shows the selected area electron diffraction pattern, taken along 

the c-axis ([0001] direction) which proves the formation of hexagonal ZnO. The XRD pattern is 
presented in Fig. 2b, which again confirms the growth of hexagonal, wurtzite structure ZnO plates 
with exposed (0001) plane and its good crystallinity. No phase other than wurtzite ZnO was 
detected. A slight increase of (0002) plane-related peak in Fig. 2b as compared to standard XRD 
data ((JCPDS 36–1451) indicates the prevalence of basal planes in the grown ZnO. As previously 
mentioned, the basal Zn-terminated and positively charged (0001) plane has the highest surface 
energy and growth rate. In the fast, kinetically driving growth processes the growing ZnO crystal 
tries to minimize the surfaces with high energy. This causes the gradual decrease of the 0001 
plane, and tapering of a crystal until complete elimination of this surface. The described process 
significantly decreases the surface energy, and thus the ZnO crystal usually grows along the c-axis. 
On the other hand, the polarized (0001) plane is more sensitive to charged molecules and light 
interaction. Besides, according to theoretical results, this plane is characterized by a higher 
mobility and lower recombination rate making crystals with exposed (0001) facets more attractive 
for devices exploiting photostimulation and catalytic effects [20,21]. 

In spite of these advantages, the synthesis of ZnO crystals with large (0001) surfaces is a 
quite complicated task, as it needs the suppression of thermodynamically preferable growth along 
the c-axis, thus forcing the crystal to grow laterally. This task was successfully solved in 
solvothermal growth processes by applying the cap layers containing KCl, NH3, Cl ions and some 
other species [22,23], which after preferentially adsorbing onto the (0001) plane, hindered its 
perpendicular growth. As a result, the growth proceeded mainly laterally, producing two-
dimensional, planar, hexagonal, or rectangular structures with {101�0} and {112�0} side facets. Our 
complex growth technology uses the gaseous HCl and NH3 species, which are produced after the 
pyrolytic decomposition of NH4Cl. However, the exact species that restrict the growth of ZnO 
along the c-axis and promote the lateral growth of ZnO in our experiments are still under 
investigation. As in the case of ZnO nanobelts, these hexagonal disks were also scraped off the 
substrate and prepared for the photo- decolorization experiments. 

The ZnO tetrapods were the third nanomaterial, which were examined for photocatalytic 
activity. Generally, tetrapods are classified into three main groups: the first with uniform arm 
diameter, the second with tapered conical arm (nano-spike or nano-needle-like), and the last 
tetrapods, which one or several times abruptly change the arm morphology (lengths, thickness, 
shape) during growth. SEM images of tetrapods synthesized by our plasma-assisted technology are 
shown in Fig. 3a,b. They possess a sharp needle shape arm and accordingly could be attributed to 
the second type of tetrapods, which is known to have a very high photodecolorization activity [24, 
25]. 
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Fig. 3.  (a,b) SEM images of tetrapods; (c) TEM image of a tetrapod arm and its SAED pattern (inset); (d) 
EDS spectrum of tetrapods. The Si peak originates from the silicon substrate. 

 
 
The average size of tetrapods varies in the range of 4-5 micrometers. Some of the arms are 

ended with several micrometer-long ZnO nanowires. TEM image of a tetrapod tip and its SAED 
pattern are shown in Fig. 3c. As can be seen, the arm grows in the [0001] direction. The EDS 
spectrum of tetrapods, presented in Fig. 3d shows the increased value of oxygen, which is caused 
by the high porosity of tetrapodal network and hence, by the increased oxygen adsorption from the 
atmosphere. The peak of Si originates from the silicon substrate.  

The photocatalytic activity of tetrapod structures is caused by better electron extraction, 
improved charge transport, ability to produce a highly connected network with an increased 
porosity and surface area [26]. The needle or pyramidal shape of arms can be considered an 
additional advantage of tetrapods. It is known, that the semi-polar pyramidal planes of ZnO, 
e.g.{101�1} and {112�2} have a high photocatalytic activity [27]. The pyramidal plane consists of 
altering {011�0} and {101�1}facets [28]. The existence of semi-polar {011�1} crystal facets, which 
have high surface energy, can further increase the photocatalytic activity of tetrapods. 

The results of our experiments on the photodegradation of methylene blue using ZnO with 
different morphologies are presented in Fig. 4. As we outlined previously, the illumination was 
performed using the Xe lamp, which has an emission spectrum close to the natural sunlight. The 
absorbance At was measured after each 20 min interval. The cumulative exposure time was 120 
min.  
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Fig. 4.The dependence of the photodegradation rate of ZnO nanomaterials with different morphologies  
on the cumulative light exposure time. 

 
 
According to Fig. 4, the hexagonal ZnO disks have the highest photocatalytic activity, 

followed by the activities of tetrapods and nanobelts. This is consistent with the chemical activities 
of different crystal facets. The closely packed hexagonal disks (Fig. 2a) have the lowest specific 
surface area among other nanostructures. However, the high chemical activity of basal (0001) 
planes of hexagonal disks prevails over the low surface area and yields the highest catalytic 
activity. Comparing the activities of ZnO tetrapods and nanobelts, it should be noted that both of 
them were growing in the same, most abundant [0001] direction.  However, as previously 
mentioned, the exposed semi-polar {011�1} facets of tetrapods, together with better electron 
extraction and improved charge transport [26], result in a higher catalytic activity of tetrapods as 
compared to nanobelts. For all samples, the photocatalytic activity increases with time and then 
reaches a saturation value after approximately 80 minutes of exposure. The observed saturation in 
catalytic decomposition may be related to the breakdown of ZnO in the water-based solution [29]. 

 
 
4. Conclusions 
 
Pyrolytic technology was used for producing ZnO nanobelts and hexagonal disks. The 

process was performed in an active ambient formed after the thermal decomposition of NH4Cl. 
The Si substrate temperature was 420°C and the mass ratio of Zn to ZnO in the source was 1.6 for 
nanobeltsand 0.5 for hexagonal disks. The nanobelts were growing along the c-axis through the 
Vapor-Liquid-Solid mechanism and they had Zn catalyst tips. Their sidewalls comprise (21�1�0) 
and (011�0) facets, while the average thickness was 35 nm. ZnO hexagonal disks had a mean 
diameter and thickness of 1.5 micrometers and 200 nm, respectively. Their flat surfaces were 
formed by (0001) facets, indicating that in our technology the growth along the 
thermodynamically preferable [0001] direction was suppressed.  The tetrapods, with sizes in the 
range of 4-5 micrometers, were produced by plasma-assisted technology. They had tapered arms, 
which were growing along [0001] direction.  

The decolorization of methylene blue solution under a solar light simulator confirmed a 
high photocatalytic activity of ZnO hexagonal disks, caused by the increased exposure of energetic 
(0001) facets. The activity of tetrapods was lower than that of ZnO disks, however, it was slightly 
higher than the photocatalytic activity of nanobelts. This can be explained not only by the well-
known fact that tetrapods have better electron extraction and improved charge transport but also by 
the partially exposed semi-polar (101�1) facets of tapered arms. Their activity prevails over the 
photocatalytic activity of nanobelts, which contain only non-polar side facets. 
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