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- Apstrgct
Nanostructured ZnO materials  were comparatively synthesized via three different methods:
precipitation, ultraviolet irradiation, and hydroth ermal synthesis. ZnO with different morphologies
such as flower-like androds were obtained, depending on the synthetic method. XRD analysis
indicates that ZnO single- crystalli te particularly grows along the [002] direction in all samples. The
photocatalytic activity in the photodegradation of 4 -chlorophenol appears to be correlated with the
surface oxygen deficiency , the band gap energy, and the morphologies of  the samples . ZnO nanorods
prepared b y the precipitation method show  higher activity in comparison with that achieved by the
samples synthesized by ultraviolet irradiation and hydrothermal methods ; in the latter shows higher
band energy and there exist s a great extent of lattice oxygen deficiency in the surface that is
unfavorable in the formation of surface a ctive oxygen species like super oxide radicals, thus
exhibiting the lower photoactivity .

INTRODUCTION

ZnO is a semiconductor with a wide applications in the fields of blue/UV optoelectronics, transparent electronics,
spintronic devices and sensors (Bunn, 2010; Tsukazaki et al., 2005; Dulub et al., 2002; Phillips, 1973). The
polycrystalline form of ZnO is commonly used for producing facial powders, ointments, sunscreens, lubricant additives,
piezoelectric transducers, varistors, and transparent conducting electrodes (Lide, 2005; Yong et al., 2007; Soltani et al.,
2011; Gerward, 1995). Prospective photo-applications have revived interest in ZnO since it has direct band gap energy
of 3.37 eV, which makes it excitable with UV radiation in blue wavelengths. The excitation binding energy is
approximately 60 meV for ZnO; this high excitation binding energy enhances the luminescence efficiency of light
emission (Kogure et al., 1998; Almamun et al., 2000, Liewhiran, 2007; Bates et al., 1962). It is well known that ZnO has
hexagonal wurtzite crystalline structure in which Zn atoms are tetrahedrally coordinated with four O atoms, where the d-
electrons hybridize with the O p-electrons. The bonding between the Zn atoms and O atoms is highly ionic, due to the



large difference in their electronegative values (1.65 for Zn and 3.44 for O). Alternating Zn and O layers form the crystal
structure and ZnOcan therefore be used as a UV-sensitive and solar-blind photodetector and transparent thin-film
transistors (Ozgir et al., 2005; Jagannatha et al., 2011; Agashe et al., 2010; Sharma et al., 2010). Some of the field-
effect transistors even use ZnO nanorods as conducting channels (Look et al., 1999; Gorrn et al., 2006). ZnO oxide
used as photocatalyst for the degradation of organic compounds in polluted water is also reported (Qamar, 2009;
Dunliang et al., 2009).

To improve the photoactivity of ZnO, a number of doped or mixed ZnO oxides have been synthesized by a wide
range of methods, some of them espensive (Suzan, 2012). In recent years, a variety of ZnO nanostructure like nano-
wires, nano-belts, nano-rods, nano-combs, nano-rings, etc. have been synthesized by some high temperature or high
pressure processes (Maolin, 2005). However,less attention has been paid to the synthesis of ZnO using simple and
inexpensive methods. In addition, different morphologies of nanostructural materials exhibit unique physical-chemical
properties, therefore, control of size and morphology of ZnO crystals has attracted a great deal of interests. In the
present work, synthesis of ZnO with nanorods and flower-like morphologies usingseveral simple and inexpensive
methods is reported. The photodegradation of 4-chlorophenol in water using ZnO solids was comparatively evaluated to
study the morphology or surface structure-dependent photocatalytic performance of the samples. It is found that the
photocatalytic activities are to be associated with the oxygen deficiencyin the surface and the Zn-O band gap energy.

Experimental

Synthesis of ZnO nanostructures

ZnCl,-6H,0 reagent grade obtained from Baker with a purity of 99.99 % was used to synthesize ZnO. All remaining
chemicals were analytical grade without any further purification. Three different methods were used for obtaining ZnO
nanostructures: precipitation, UV irradiation and hydrothermal synthesis.

Precipitation method

ZnO was synthesized by the precipitation method using 200 ml of a 0.25 M solution of NaOH to whichzZnCl,-6H,0 (20g)
was added at 80 °C under constant stirring. Afterwards, the mixture was held for precipitation at 80 °C for 2 h. The
precipitate was filtered, washed, and dried at 25 °C. Finally it was calcined at 400 °C in a muffle furnace for 12 h.

UV iradiation method

ZnCl,.6H,0 (20g) was added to 200 ml of 0.25 MNaOH solution.The temperature was increased up to 80 °C with
continuous stirring and held for a period of 5 hours under irradiation using a UV lamp. The resulting precipitate was
collected by filtration, washed with water, and finally calcined at 400°C in a muffle furnace for 12 h.

Hydrothermal method

ZnCl,-6H,0 (20 g) was dissolved in a NaOH solution (60 ml 0.25M) under constant stirring for 10 min. The mixed
dissolution was transferred into a PTFE-lined stainless steel autoclave (at 80% of a total 100 ml capacity). The autoclave
was sealed and maintained at 90 °C for 5 h. After the reaction, the resulting precipitate was collected by filtration,
washed and finally calcined at 400 °C in a muffle furnace for 12 h.

Characterization

X-ray diffraction (XRD) patterns were obtained by an Empyrean Multi-Purpose Research X-Ray Diffractometer XRD by
PANalytical with Cu Ka radiation (0.15418 nm). Scanning electron microscopy (SEM) analysis was made with a Quanta
3D FEG Environmental Scanning Electron Microscope and Focused lon Beam. For Raman spectroscopy and FTIR
studies, a MicroRaman, Jobin Yvon-Horiba Labram 800 was used. The UV-Vis absorption spectra of the samples were
obtained by diffuse reflectance studies using a Varian Cary model 100 spectrophotometer.

Photocatalytic activity evaluation

A 500 ml Pyrex glass vessel was used as a reactor in all experiments. Stirring was carried out with a PTFE coated



magnetic bar and a stirring plate. Air was introduced into the reaction solution from a compressor. The temperature of
the photoreactor was held constant at 25 °C. The photocatalytic degradation of 4-chlorophenol in water was performed
as following: 200 ml of an aqueous solution of 4-chlorophenol (80 ppm) was placed into the reactor in the presence of

200 mg of the ZnO catalyst. Air generated by an electric pump was bubbled into the solution at a rate flow of 1 ml 3.
Then the mixed reaction solution was exposed to irradiation with a UV lamp that was made using a high pressure Hg
pen-lamp (with iradiation of 254 nm and intensity of 2.2 mW/cm?®) encapsulated in a quartz tube immersed in the water
solution for 6 hours. Aliquots (3 ml) were taken from the irradiated solution at different time intervals in order to follow 4-
chlorophenol degradation. The 4-chlophenol evolution was evaluated by using an UV-Vis spectrophotometer Cary 100
following the intensity of absorption band at ~ 280 nm.

Results and discussion

FTIR spectra of the ZnO samples obtained by the three synthetic methods are shown in Figure 1. ZnO prepared by
precipitation method shows a broad IR band at 3493 cm'with a low intensity which is assigned to the vibration mode of
hydroxyls in adsorbed water (Figure 1a). The small band at 1628 cmtis assigned to the bending vibration of OH group
in water. These observations confirm the presence of a small amount of water adsorbed onto the ZnO nanocrystal
surface. Three strong and sharp bands at 1100 cm™, 880 cm™and 690 cm™" are attributed to thevibrations of O-zn
bonds (Chelikowsky, 1977). The FTIR spectra of the samples obtained by UV irradiation and hydrothermal methods are
shown in Figures 1b and 1c, respectively. Three IR vibrational bands are observed at similar position as for the ZnO
obtained by precipitation method. However, the intensities of the IR bands in these two samples are much lower in
comparison with that shown in the sample obtained by precipitation method.
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Figure 1. FTIR spectra of ZnO synthesized by different methods
a) Precipitation; b) UV irradiation and c) hydrothermal

The XRD patterns, Figure 2, confirm the formation of crystalline ZnO. The samples have a hexagonal phase with space
group symmetry P63mc (C,3v). The diffraction peaks correspond to a single phase with hexagonal wurtzite type
described by the reflections of the crystal planes of (100), (102), (110), (103), (112) and (002). These results are in
agreement with those reported in the literature (Yin et al., 2011; Rdéssler, 1969). The most intense peak is assigned to
the reflection of the plane (002) in all samples. This reveals a preferential growth along the direction (002) in the ZnO
crystals. The ZnO crystals grow along with their ¢ axis perpendicular to the surface of the substrate, and thereby alters
the crystallographic arrangement of the crystal (McCluskey et al., 2009). This direction of crystal grow this densely
packed and the most thermodynamically favorable in a wurtzite structure. The intense signals can be clearly seen for the
ZnO obtained by the precipitation method, Figure 2a; while for ZnO obtained by UV irradiation, the XRD peaks are less
intense (see Figure 2b). The XRD patterns of the ZnO prepared by hydrothermal synthesis have the lowest intesities
with sharp peaks among the three samples, indicating the larger particle size of this sample.
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Figure 2. XRD patterns of ZnO synthesized by different methods.
a) precipitation; b) UV irradiation; ¢) hydrothermal

Figure 3 shows the Raman spectra of the ZnO samples. According to the group theory (Poplewski et al, 2010; Wang
2011), vibration modes can be generally determined by M= A E;E, AjA, +2E +2 B, + E,%, where A, E;, and E, (Ex
(low), E; (high)) are Raman active modes (Shan, 2012). The polar characteristics of the vibration modes A; and E; carry
longitudinal and transverse components designated as A; (TO), A; (LO), E; (TO) and E; (LO). In Figure 3, these
vibrational modes are found at 103, 164, 197, 305, 419, 435 and 481 cm™. The band at 103 cm™ mode is associated
with E, (low), which corresponds to vibrations of the Zn sub-network. Mode E, (high) with high frequency locates at 435
cm™, corresponding to the tipical sub-network of oxygen; it is also characteristic of the material attributed to an optical
phonon non polar wurtzite phase of ZnO in the Raman active.The ZnO Raman peaks are well defined in the sample
obtained by precipitation method, while the sample obtained by UV irradiation shows only three strong peaks at 103,
164 and 419 cm™; this is associated with mode E, (low), which is related with vibrations of the Zn sub-network(Hammad
et al., 2009; Nakahara et al., 2002; Arguello, 1969). It is note worthy that the band at 435 cm™ that corresponds to
thesub-network of lattice oxygen was not clealrly observedin the samples synthesized by hydrothermal and was rather
weak in the UV irradiation methods. This indicates that there exists oxygen deficiency or oxygen defects in the
crystalline structure of these two solids.
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Figure 3. Raman spectra of ZnO synthesized by different methods
a) Precipitation; b) UV irradiation; c) hydrothermal



The UV-Vis absorption spectra of ZnO nanostructures are shown in Figure 4. The band position at 375 nm (3.5 eV) and
230 nm (5.5 eV) correspond to Zn-O bonds in ZnO nanoparticles. With a strong UV-emission centered at 375 nm (3.5
eV), the ZnO synthesized by precipitation route preferentially orients in the [002] direction and has good crystallinity in
the sample. ZnO is known to be an indirect semi conductor, therefore, a plot of the modified Kubelka—Munk function
[F(Rl)E]“2 versus the energy of the absorbed light E gives the band gap energies (Di Stefano, 2010; Su et al., 2010;
Rossi et al., 1995; Hsueh et al., 2007). An example of determination of such values for the three ZnO samples is given
in Figure 4. The energy of the band can be determined according to the following formula.
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Figure 4. UV-vis spectra of ZnO synthesized by different
methods. a) precipitation; b) Uv irradiation; c) hydrothermal

A =hc/E,, =1240/E 1)
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where Egy,, is the band gap energy in eV. The band gap energies obtained are 3.20, 3.31 and 3.31 eV for the ZnO
obtained by precipitation, UV irradiation and hydrothermal methods, respectively. Obviously, the band gap energy of the
ZnO sold obtained by precipitation route is the lowest among the three sampes.

Different morphologies of the ZnO samples are observed by SEM. Nanorods in the ZnO synthesized with precipitation
method can be observed in Figure 5a and5b respectively. These rods have average value of diameters and lengths of
approximately 1.6 and 1.2 microns. Figure 5b shows some cavities on the surface of the rods. During the preparation
procedure, Zn(OH), continuously produces Zn*" and OH’ ions which form the ZnO nucleis that are the building blocks for
the formation of the ZnO crystals. As the deposition over the ZnO nuclei increases in the unit-direction, the hexagonal-
shaped ZnO nanorods are finally formed (Velmurugan, 2011; Wang et al., 2008).SEM micrographs for ZnO obtained by
UV-vis irradiation synthesis route are presented in Figures 5¢ and 5d. Many thin layers with sharp boards are disorderd
stacked around the nanopatrticles. SEM micrographs of ZnO obtained by hydrothermal method are shown in Figures 5e
and 5f. A large-scale flower-like morphologies are observed. The overall microstructureshave an average size of 84
microns in diameter. Each individual flower-like structure is composed of many particles having diameters ranging from
8.1 to 9.7 microns. Some micro structures that make up the flower-like morphologies have a central area with an
average diameter of 2.35 microns.

Photocatalytic degradation of 4-chlorophenol was carried out to evaluate the photocatalytic performance of ZnO
obtained by the methods used herein. Figure 6 shows the variation of the UV-vis absorption spectra of 4-chlorophenol
molecules as a function of degradation time. In the photodegradation process, the 4-chlorophenolmoleculesare first
adsorbed on the ZnO surface. Next, the photo-excited electrons transfer from the solar light sensitize 4-chlorophenol
molecule to the conduction band of ZnO, subsequently improving the electron transferring to the adsorbed oxygen
(Egelhaaf, 1996), as descibed in the schematic model in Figure 7. Upon excitation of a photon with sufficient energy,
electron-hole pairs are created, and the electrons may jump up to the conduction band. The separated electrons are
capable of reducing an acceptor molecule, and the holes can oxidize the donor molecules. Electron-hole pair
recombination takes place after the optically excited electrons lose energy through radiative and nonradiative paths, and
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Figure 5. SEM images

a) and b) of ZnO obtained by precipitation method.

c¢) and d) of ZnO obtained by UV irradiation method.

e) and f) SEM images of the ZnO obtained by hydrothermal method
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Figure 7. Schematic diagram for the transfer phenomena of an electron injected into ZnO

fall back to the valence band. The 4-chlorophenol molecules are photodegraded by the superoxide radicals (O, )
produced by the ZnO sensitization mechanism according to the Egs. 2 to 4.
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The time course of the 4-chlorophenol degradation was further studied. A plot of the relative concentration of 4-
chlorophenol (C/Cy) as a function of irradiation time is depicted in Figure 8. The lowest activity of 4-chlorophenol
degradation is observed using the ZnO smaple obtained with hydrothermal method. Only 23% 4-chlorophenol are
degraded (Figure 8a). In comparison with ZnO prepared by UV-Vis irradiation (Figure 8b) where 83 % of 4-chlorophenol
are degradated, the photodegradation of 4-chlorophenol is more efficient using ZnO nanorods prepared by the
precipitation method (Figure 8c) where 99 % of 4-chlorophenol are degradated after 150 min in UV irradiationunder the
same condition. These results indicate that the photocatalytic activity of ZnO appears to be correlated with the synthetic
method. The sample obatined by precipitation method contains many ZnO nanorods with manyvacancies on the
surface. Because these vacancies can act as the active centers to capture photo-induced electrons, and the
recombination of the electrons and holes can be effectively inhibited (Vanheusden et al., 1996; Auret et al., 2002; Faal
Hamedani et al., 2006; Kim et al., 2007). In addition, the band gap energies of the ZnO crystals is 3.2 eV which is lower
than that of the ZnO (3.31 eV) prepared with other two methods. Therefore, the photocatalytic activity of ZnO prepared
by precipitation can be greatly promoted and much superior to that achieved in the other two samples.
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It is note worthy that in the surfaces of the samples prepared by UV-Vis irradiation and hydrothermal methods, there
exist a certain extent of structural oxygen deficiency, as indicated by Raman characterization. thisis unfavorable in the
formation of surface active oxygen species Therefore, less number of active oxygen species like superoxide radicals
(O,"") are generated during the photodegradation of 4-chlorophenol, which explains why the ZnO samples prepared by
those two methods exhibit low photoactivity.

CONCLUSIONS

Using different synthesis methods, ZnO with different morphologies including flower-like, clusters and nanorods, were
obtained. ZnO nanorods could be synthesized via precipitation method, while ZnO with flower-like structures could be
synthesized by hydrothermal route. ZnO nanorods and flowers with wurtzite crystalline structure particularly grow along
the [002] direction in all samples. The photocatalytic activity of ZnO appears to be correlated with the morphologies,
band gap energy, and surface oxygen deficiency. The maximum activity for the photodegradation of 4-clorophenol under
UV light irradiation was achieved on the ZnOnanorods with lower band gap energy synthesized by the precipitation
method. Because of the higher band gap energy andsurface oxygen deficiency of the ZnO prepared by both UV-vis
irradiation and hydrothermal methods is unfavorable in the formation of surface active oxygen species like superoxide
radicals, these two samples exhibit lower photoactivity.
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