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Abstract Zinc oxide (ZnO) thick films were analyzed by
high-resolution X-ray diffraction (HR-XRD), field emis-
sion scanning electron microscopy, and photoluminescence
(PL) spectroscopy at room temperature. The films were
grown on glass substrates using different molar concen-
trations of aqueous solution (0.02, 0.04, and 0.06 M) via a
simple hydrothermal method. This method uses glass bot-
tles with rubber caps as reactor vessels (100 mL) and, thus,
is classified as a green chemistry technique. Hexahedral
zinc nitrate (Zn (NO;),-6H,0), hexamethylenetetramine
(C¢H|2Ny), and deionized water were used as starting
materials and were reacted in the presence of heat. HR-
XRD measurements confirmed that the diffraction peaks of
the polycrystalline structure films can be assigned to the
hexagonal-shaped wurtzite ZnO. In addition, the PL spec-
tra show that the integrated intensity decreases with the
increase in ZnO content. The SEM images also revealed
the existence of hexagonal ZnO nanotubes in the 0.02 M
sample, and these nanotubes are gradually converted into
hexagonal nanorods with the increase in ZnO content.
Moreover, the photocatalytic activity of both nanostruc-
tures was measured based on the degradation of methyl
blue (MB) by using ultraviolet light (4 = 366 nm). Results
showed that the ZnO nanotubes degraded MB more
effectively than the nanorods.
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1 Introduction

One-dimensional nanomaterials, such as nanorods, nano-
belts, and nanotubes, have become the focus of intensive
research because of their exceptional applications in the
fabrication of nanoscale devices [1]. Zinc oxide (ZnO)
nanostructures have been the focus of considerable atten-
tion because of their unique properties and various appli-
cations, including being wused as photocatalysts,
photoconductor, gas sensor, chemical sensors, ultraviolet
(UV) radiation detector, and optoelectronic devices [2, 3].
Given its large exaction binding energy (60 meV) and wide
band gap (3.37 eV) at room temperature, ZnO is trans-
parent in visible light and operates in the UV to blue
wavelengths; however, ZnO exhibits a crystal structure and
optical properties similar to those of gallium nitride-based
compounds [4, 5]. Moreover, given their low cost, nontoxic
nature, and high photochemical reactivity, ZnO nanos-
tructures employed as photocatalytic degradation material
against environmental pollutants have been the focus of
considerable attention [6]. Synthesis of ZnO nanostructures
has been intensively investigated recently because of their
various shapes, such as wires, tubes, rods, flowers, sheets/
flakes, particles, stars, belts, and hexagonal prisms, which
are produced using various methods, such as evaporation,
chemical vapor deposition, and wet chemical processes,
including template-based surfactant-assisted precipitation
and hydrothermal and solvothermal methods [7, 8]. Among
these methods, the hydrothermal method is one of the most
common and promising methods used to synthesize iso-
metric ZnO crystals [9]. This method has several advan-
tages, such as one-step synthesis without involving
additional processes (e.g., etching or milling), low level of
aggression, high purity, environmental friendliness, low
cost, and narrow particle size distribution [10]. Moreover,
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the hydrothermal method is classified as a green chemistry
technique because of its low-temperature reaction in water
and in a sealed environment.

The present work determined the different compositions
of the aqueous solution of ZnO by using a simple and low-
cost hydrothermal method. In addition, the characterization
of ZnO epilayers involved the use of high-resolution X-ray
diffraction (HR-XRD) to characterize structural properties,
field emission scanning electron microscopy (FE-SEM) to
characterize the surface morphology, and photolumines-
cence (PL) measurements to characterize the optical prop-
erties of the samples. The photocatalytic activities of the
nanostructures were evaluated at room temperature through
methyl blue (MB) degradation. The absorption spectra were
also obtained using a UV—Vis spectrophotometer.

2 Experiment

Hexagonal ZnO nanotubes exhibiting different composi-
tions were successfully synthesized using a simple and
facile hydrothermal method. The films were grown on glass
substrates by using aqueous solutions of hexahedral zinc
nitrate [Zn(NO3),-6H,0, >99 %; Sharlu, Spain] and hex-
amethylenetetramine HMT (CgHoN4, >99 %; Aldrich,
Germany). The aqueous solution (0.02, 0.04, and 0.06 M;
were prepared by adding a 0.4759, 0.9519 and 1.4279 gm
of hexahedral zinc nitrate and 0.2243, 0.4486 and
0.6729 gm of HMT, respectively) were dissolved in 80 mL
deionized water and then stirred for 5 min. The aqueous
solution was passed into 120 mL glass autoclaves con-
taining a pre-cleaned glass substrate. The autoclave was
tightly closed, placed in an oven, and then heated at 90 °C
for 4 h. Thereafter, the autoclave was allowed to cool down
gradually to room temperature. Finally, white thick films
were deposited on the glass substrates. The substrates were
dipped in deionized water and then dried in air to remove
contaminants from the samples. The preparation processes
were repeated several times to obtain extra films to analyze
the physical properties of the films. The thickness of the
ZnO epilayers is between 0.7-0.75 pm as measured by
Filmetrics F20-VIS.

The photocatalytic activity of the ZnO nanostructures
was measured based on the degradation of MB dye solu-
tion. The powdered sample (80 mg) was ultrasonically
dispersed in 200 mL of MB solution with a concentration
of 20 mg/L. The mixture was stirred in the dark for 1 h to
keep the suspension homogenous and to allow physical
adsorption of the dye molecules on the catalyst surface.
Finally, the mixture was placed under a UV lamp (30 W,
Amax = 366 nm; Camag). Approximately 5 mL of the
solution was obtained at different time intervals (0, 10, 20,
30, 40, 50, 60, 70, and 80 min). Each sample obtained was

centrifuged at 8000 rpm for 20 min to remove any ZnO
precipitate, and their absorption spectra were recorded
using a UV-Vis spectrophotometer (UV Optima SP-3000
Plus). The formula used to calculate the percentage of dye
degradation is expressed as follows:

Degradation = ((Co — C)/Co) x 100 %,

where Co is the initial dye concentration and C is the dye
concentration at time t.

The prepared thick films were examined by XRD
(Miniflex II Rigaku, Japan) (Cu Ko) radiation
(4 = 1.54178 A). The samples were measured in contin-
uous scan mode at a scanning range of 20°-60° and at a
scanning speed of 5°/min. The peaks and relative intensi-
ties of the XRD patterns were compared with the values
from the Joint Committee on Powder Diffraction Standards
(JCPDS) card for ZnO (JCPDS 036-1451). Moreover, FE-
SEM was used to examine the surface morphology and to
estimate the obtained structure uniformity on the substrate.
FE-SEM (Hitachi S-4160) is normally operated at 20 kV.
The PL measurements are obtained using the Horiba
Jobin—Yvon HR-800 UV PL system. He—Cd laser with
325 nm was used as an excitation source. The PL spectra
were obtained at room temperature at 330-650 nm.

3 Results and discussion

HR-XRD analyses were conducted to investigate the
crystalline quality of the ZnO thick films at room temper-
ature. Figure 1 shows the XRD 20 scans of ZnO films
fabricated on glass substrate with peaks in the (100), (002),
and (110) directions by using an aqueous solution tech-
nique. The spectra revealed major peaks at 34.37°,
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Fig. 1 The XRD pattern of the ZnO thick films with different
composition 0.02, 0.04 and 0.06 M
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corresponding to ZnO (002). In addition, the (002) crystal
orientation of the ZnO films significantly preferred the c-
axis (002) orientation, which is more intensive than the
(100) and (101) crystal orientations. The peaks between
31.67° and 38.44° correspond to the ZnO (100) and ZnO
(102) planes, respectively. These results confirm that the
films exhibiting these diffraction peaks possess a poly-
crystalline structure, which can be assigned to the hexag-
onal-shaped wurtzite ZnO. Moreover, the diffraction peak
from the epilayer fabricated from a low molar concentra-
tion of ZnO (0.02 M) slightly increased with the increase in
ZnO content, indicating that the changes in the ZnO epi-
layers increase as the molar concentration of the aqueous
solution increases to 0.04 and 0.06 M. Eventually, no
diffraction peaks from other impurity phases can be
detected.

Figure 2 shows a typical FE-SEM micrograph of the
ZnO nanostructures fabricated on a glass substrate through

an aqueous solution technique. At first glance of the
scanning electron microscopy (SEM) images of the sur-
face, interesting hexagonal-shaped ZnO nanostructures can
be observed; however, when we focused and examined the
images closely, hexagonal nanotubes are clearly observed
in the concentration of 0.02 M and are gradually converted
into hexagonal nanorods as the molar concentration of the
aqueous solution increases to 0.04 and 0.06 M.

Figures 2al, a2 show that hexagonal nanotubes were
formed at a low molar concentration of the aqueous solu-
tion (0.02 M). This result is consistent with that of Yu et al.
[11] who proposed that ZnO nanotubes were formed at a
low concentration of precursor molecules during electro
deposition. The physics behind this observation is that the
oxygen decomposed from the raw material can oxidize the
surface of the Zn nanobelts resulting in the formation of a
thin ZnO shell on the surface, particularly in the hexagonal
basal plane; thus, ZnO has a much higher melting point of

20.0kV X6.80K 5.800rm

Fig. 2 0.02 M (al, a2), 0.04 M (b1, b2) and 0.06 M (c1, ¢2) SEM images of ZnO hexagonal nanotubes, mixture of ZnO hexagonal nanotubes

with hexagonal nanorod and ZnO hexagonal nanorod, respectively
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1975 °C, than Zn, 419 °C; it is possible for Zn to be sub-
limated out of the nanobelt at temperatures of 200-300 °C,
resulting in the formation of ZnO nanotubes [12]. Li et al.
[13] also attributed nanotube formation to the incorporation
during the initial growth and the subsequent dissolution of
nitrogen-containing organic compounds at the core of ZnO
nanowires. In addition, Yang et al. [14] proposed the
scrolling of layered structures as the mechanism of nan-
otube formation. However, the nanotube wall thickness can
be precisely controlled by controlling the electro deposition
time [15].

Figures 2b1, b2 show that the increase in molar con-
centration of the aqueous solution from 0.02 to 0.04 M
resulted in a mixture of hexagonal nanotubes and nanorods.
By contrast, at 0.06 M, the hexagonal nanotubes disappear
and are completely converted into hexagonal nanorods
(Figs. 2c1, c2. In other words, the nanotube structure that
formed at the initial stage of growth will gradually become
a nanorod structure as the molar concentration of the
aqueous solution increases, indicating that the growth rate
become relatively high because of the extremely high
degree of saturation of growth nutrients, where the rate of
7ZnO dissolution is faster than the rate of formation [16].

We obtained the PL spectra of the ZnO samples to
provide more direct evidence for the conversion of
hexagonal nanotube into hexagonal nanorod. The PL
spectrum of ZnO excited by a UV laser at room tempera-
ture usually exhibits two emission bands. One band occurs
in the UV range and the other band occurs in the visible
range; the UV range is attributed to the near-band-edge
emission through exciton—exciton collision [17]. By con-
trast, the visible range is speculated to originate from the
electron—hole recombination at a deep-level emission
caused by the impurities and structural defects in the
crystal (e.g., oxygen vacancies and zinc interstitials) [18].

Figure 3 shows a typical PL spectrum of a ZnO
nanostructure at room temperature. The dominant UV
emission peak at approximately 358 nm is simultaneously
observed with a slightly weak visible emission at 472 nm.
A blue shift in the peak position of the near-band-edge
exciton emission is possibly caused by the confinement
effect [19]. The PL spectra also revealed the decrease in the
integrated intensity of the UV range with the increase in
ZnO content. This phenomenon is caused by two reasons.
First, the ZnO nanotube was completely formed in the
initial stage, where the molar concentration of the aqueous
solution is 0.02 M. The incident light from the PL laser
passes through the nanotubes, causing the photons to
bounce back and forth between tube walls and then return
back with high intensity (Fig. 4) [20]. Second, ZnO
material is preferred as an antireflection coating layer
because of its good transparency; therefore, the high
refractive index of ZnO (n = 2.45) can laterally confine the
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Fig. 3 Room temperature photoluminescence spectrums of 0.02,
0.04 and 0.06 M ZnO nanostructure grown on glass substrates

Fig. 4 Schematic illustration of the working principle of a nanotube
in which the photons are bouncing back and forth between the tube
walls

light traveling inside as a sub-wavelength [20]. However,
the low concentration (0.02 M) and the nanotubes that
formed prevent ZnO from acting as an antireflection
coating layer.

As the concentration increases to 0.04 and 0.06 M, the
PL intensity decreases because of the formation of
hexagonal nanorod, as shown in the SEM image. In addi-
tion, as an antireflection coating layer, ZnO at high con-
centration enhances light absorption. Lee et al. [21]
reported that highly textured ZnO nanorod arrays synthe-
sized through a low-temperature solution growth method
can be used as an efficient antireflective coating. The
fundamental principle behind this phenomenon is that the
complex distribution and the pattern surface of the

@ Springer



11180

J Mater Sci: Mater Electron (2016) 27:11176-11181

nanorods guarantee a gradual reduction of the refractive
index from the surface to air and leads to impedance
matching between the substrate and air, resulting in photon
trapping and reflection suppression over a broad wave-
length range [21].

As mentioned previously, the intensity of visible emis-
sion in the PL spectra is determined by the concentration of
oxygen vacancies in the ZnO samples, and the ratio of the
relative intensities of the UV peak to the visible peak
indicates the crystallization quality of the samples [i.e.,
high ratio of UV (visible) peak to visible (UV) peak in the
samples indicates high crystallization quality (high defect
density)], implying that the ZnO nanostructure samples
synthesized under different concentrations exhibit good
crystalline quality. The molar concentrations (0.02, 0.04,
and 0.06 M) of the ZnO aqueous solution play an important
role in the PL emission spectra by ensuring that the optical
properties of the ZnO nanotubes and nanorods are sensitive
to morphology and defect densities [22].

The photocatalytic activity of the prepared ZnO nan-
otubes and nanorods was evaluated by MB dye degradation
after exposure to UV light. Figure 5 shows the concentra-
tion changes in MB dye solution as a function of irradiation
time of the photo degradation reactions over ZnO nan-
otubes and nanorods. The results (Fig. 5) clearly indicate
that the synthesized ZnO nanotube photocatalyst exhibits a
higher photocatalytic activity than the ZnO nanorods. This
difference in photocatalytic activities are attributed to the
possible differences in surface area, oxygen vacancies, or
polar planes. Before discussing these issues, we must first
describe the fundamental mechanism of the photocatalytic
reaction that generates electron—hole pairs, as follows:
When ZnO nanocatalysts are illuminated by UV light that
is stronger than or equal to the band gap energy of ZnO,
electrons can be excited from valance band to conduction
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Fig. 5 Concentration changes of MB dyes as a function of irradiation
time
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band and holes are formed in the valance band. These holes
and electrons interact with H;O and O,, respectively, to
yield the OH and OOH hydroxyl radicals; thus, the holes
play an important role in photocatalytic reactions. These
hydroxyl radicals, which are highly oxidizing in nature, can
completely oxidize the dyes by abstracting electron from
dye molecules and by breaking the large organic materials
into less harmful small organic materials [23, 24].

Then, we focus on the high specific surface area, which
exerted a significant effect on photocatalytic activity during
the degradation of dyes. One-dimensional nanostructures,
such as nanotubes or nanorods, have higher aspect ratio
than nanoparticles. When the photocatalyst reached the
nanoscale size, the chance of recombining electron—hole
pairs decreases because of the fast arrival of electrons at the
reaction sites located on the surface of the catalyst [25].

Several studies reported that higher surface area of
catalysts did not result in higher catalytic performance
[22, 26]. The oxygen vacancies, which are responsible for
the green emission in the ZnO nanostructures, promote
photocatalytic activity because oxygen vacancies are
mainly located at the surface and can serve as electron-
capturing center [27, 28]. However, the intensity of visible
emission in the PL spectra exhibits a low density of oxygen
defect-related vacancies in our samples.

After eliminating the surface areas and oxygen vacan-
cies, only the polar planes, which are the most importing
factors affecting photocatalytic activity, are left. Wurtzite
ZnO is a classic polar crystal. Two types of wurtzite ZnO
(0001) surface structures exist, namely, Zn-polar surfaces
with O-atom terminations and O-polar surfaces with Zn-
atom terminations; these two polar surfaces exhibit dif-
ferent properties [29].

The morphological models of ZnO hexagonal rods
reveal the top surface of O-(0001) terminations and the
bottom surface of Zn-(0001) terminations (Fig. 6a). How-
ever, as the rod is converted into a tube, the top and bottom
surfaces nearly disappear, although the (1010) surfaces
remain intact (Fig. 6b) [22].

Kislov et al. [23] reported that ZnO (1010) surfaces
exhibit the highest photocatalytic activity, whereas ZnO

0-(0001)
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Zn-(0001)
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Fig. 6 The morphology models of ZnO a rod and b tube
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crystals consisting of O-(0001) and Zn-(0001) termination
surfaces show the lowest photocatalytic activity. We can
conclude on the basis of the previously presented expla-
nation that the ZnO nanotubes exhibit better photocatalytic
activity than nanorods, and this finding is consistent with
that of other researchers.

4 Conclusions

Hexagonal ZnO nanostructures were successfully synthe-
sized from aqueous solution containing different molar
concentrations (0.02, 0.04, and 0.06 M) of ZnO via a
simple and facile hydrothermal method. The XRD results
show that the ZnO nanostructure exhibits a wurtzite
structure that has a good crystal quality. In addition, the
SEM result revealed the existence of nanotubes formed
from the low molar concentration of ZnO in the initial
stage of growth; these nanotubes are gradually converted
into nanorods with the increase in the molar concentration
of ZnO. In addition, the PL measurements revealed a
reduction in the optical integrated intensity resulting from
the existence of nanorods with high concentration of ZnO,
which enhances its light absorption capacity as an antire-
flection coating layer. Moreover, the photocatalytic activity
results showed that nanotubes and nanorods have an effect
on the degradation of MB compared with that when no
catalyst was used. The results showed that ZnO nanotubes
degrade MB more effectively than nanorods probably
because of the polar planes of tubular structures and the
hollow nature of nanotubes, whose ends are both open.
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