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Abstract

Hexagonal prism ZnO nanorods were successfully grown on Zn substrates by the 120 °C and 24 h hydrothermal reaction of the
solutions with pH of 9-12. Results from XRD, SEM, TEM, SAED and HRTEM showed that the as-synthesized products were wurtzite
ZnO with the shape of hexagonal prism nanorods grown along the [0 0 1] direction with smooth prismatic side planes. The PL spectra
showed strong emission band at 543 nm in the green-yellow region due to the recombination of electrons trapped in singly ionized
oxygen vacancies and photoexcited holes. This facile, reproducible and effective low-cost approach is promising for the future large-
scale synthesis of wurtzite ZnO nanostructures for different applications in nanotechnology.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

One dimensional (1D) nanostructured materials are
usually synthesized by bottom-up directional growth process
and are able to be applied in different areas such as
transistors, UV light emitters, light emitting diodes, solar
cells and gas sensors. Their properties are sensitively influ-
enced by both shape and size, and are of fundamental and
technological interests. Thus the development of synthetic
method and understanding their formation mechanism are
important in nanoscience and nanotechnology [1,2].

Zinc oxide (ZnO) is one of the important semiconduc-
tors with 3.37 eV direct band gap at room temperature and
large 60 meV exciton binding energy. It is a promising
material for efficient emission by low excitation energy at
room temperature. Thus ZnO has been recognized as
a valuable photonic material in the UV-blue region [1-3].
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It is a bio-safe and biocompatible material, and is able to
be directly used as a biomedical material with no further
coatings [3].

Various methods have been used to synthesize 1D ZnO
nanostructures: chemical bath deposition [4], chemical
solution [5], sol-gel [6] and chemical vapor deposition
(CVD) [7]. However, most of them generally involve two
steps: depositing or spin coating of ZnO nanoparticles on
substrates to form films of ZnO crystal seeds, and followed
by growing of ZnO nanorod arrays on the seed coated
substrate in an aqueous solution containing zinc ions [8].
In the present research, hexagonal prism ZnO nanorods
were successfully grown on Zn substrates by low tempera-
ture hydrothermal reaction. The effect of pH on the
formation of hexagonal prism ZnO nanorods on Zn
substrates and a possible growth mechanism were pro-
posed and discussed in detail.

2. Experiment

All reagents of this experiment were analytical grade and
used without further purification. The hexagonal prism

0272-8842/$ - see front matter © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2012.10.122


www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2012.10.122
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2012.10.122
dx.doi.org/10.1016/j.ceramint.2012.10.122
dx.doi.org/10.1016/j.ceramint.2012.10.122
mailto:ttpthongtem@yahoo.com
mailto:phuruangrat@hotmail.com

S502 N. Ekthammathat et al. | Ceramics International 39 (2013) S501-S505

ZnO nanorods were grown on Zn substrates or foils in
sequence as follows. Several of 15x15x0.25mm Zn
substrates were carefully cleaned with deionized water
and absolute alcohol in an ultrasound bath, respectively.
They were put in NaOH aqueous solutions with the pH of
9-12. Each of the solutions and zinc substrates was
transferred into Teflon-lined stainless steel autoclaves of
50 ml capacities. The autoclaves were tightly closed, heated
at 120 °C in a laboratory electric oven for 24 h, and
naturally cooled to room temperature. The zinc substrates
were thoroughly washed by deionized water several times,
and dried at 70 °C by an electric oven for 12 h for further
characterization.

3. Results and discussion

Fig. 1 shows XRD patterns of the as-grown ZnO
crystals on Zn substrates synthesized by hydrothermal
reaction at 120 °C for 24 h in the solutions with different
pH values. Before hydrothermal processing, all diffraction
peaks of the substrates could be indexed as pure hexagonal
Zn structure of the JCPDS no 04-0831 [9]. Upon hydro-
thermal processing at 120 °C for 24 h, wurtzite structured
ZnO phase of the JCPDS no 36-1451 [9], and those marked
with hexagonal Zn of the JCPDS no 04-0831 [9] were
detected. It should be noted that the diffraction peaks of
the as-synthesized ZnO were strong and sharp, specified as
well crystallized products. Preferential orientation of the
as-synthesized 1D nanostructured ZnO was determined
from peak intensity of the as-synthesized products by
comparing with that of the standard bulk. For the as-
synthesized ZnO product, intensity of the (0 0 2) peak was
higher than that of the (1 0 1) peak. But for the standard
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Fig. 1. XRD patterns of ZnO synthesized in the solutions of different pH
values by the 120 °C and 24 h hydrothermal reaction.

bulk ZnO, the (10 1) peak is the highest. This could be
related to the preferential orientation and alignment of the
as-synthesized ZnO crystal on Zn substrate. It was believed
that the preferential orientation of ZnO grew along the ¢
direction on the Zn substrate [10,11].

The extent of ¢ orientation of the as-synthesized ZnO
crystals was explained by the relative texture coefficient
(RTC) [12]. For random crystallographic orientation, RTC
of ZnO is 0.5. In this research, RTC at (0 0 2) peak is 0.74,
which supported the preferential orientation of the as-
synthesized ZnO crystals grew along the [0 0 1] direction
on the Zn substrate.

Morphologies of the as-synthesized ZnO products
grown on Zn substrates were observed by SEM (Fig. 2).
It showed that the product morphologies gradually devel-
oped from nanoparticles to nanorods, controlled by the
pH of the solution. At pH 9, the surface of the zinc
substrate was uniformly covered with ZnO nanoparticles.
ZnO nanoparticles began to grow as ZnO nanorods at the
pH 10. Upon increasing the pH of the solution to 12, the
Zn substrate was densely covered with 1 um long ZnO
nanorods with 100-500 nm in diameters. The high-
magnification of SEM image (inserted in Fig. 2d) revealed
that ZnO crystals were hexagonal prismatic columns of
well-resolved edges and corners with smooth faces. The
angles between the two adjacent faces of individual
hexagonal nanorods were 120°.

More detail of the product morphologies was investi-
gated by TEM. The general TEM images, HRTEM image
and SAED pattern of the as-synthesized ZnO nanorods at
the pH 12 are shown in Fig. 3. TEM images show
hexagonal columnar ZnO nanostructures with diameter
range of 20-80 nm and lengths of several hundred nan-
ometers. The corresponding SAED pattern indicates that
each ZnO nanocolumn was single crystal. It can be indexed
to be the hexagonal ZnO phase, in accordance with the
above XRD analysis. The HRTEM image shows inter-
planar space of about 0.28 nm, corresponding to the fringe
of (1 00) ZnO plane, specified as the single crystal with the
preferential growth in the [00 1] direction. SAED and
HRTEM analysis confirmed that hexagonal prism ZnO
single crystals grew along the [0 0 1] direction [3,6]. The
formation of hexagonal ZnO nanorods was attributed to
the difference in growth rate of the prominent crystalline
facets with low surface energies during the growth of
crystal. The surface energies of different hexagonal ZnO
facets of the (000 1), (10-11), (10-10) planes are —2.8102,
—2.1067 and —2.0013 kJ/mol, respectively. Therefore, the
growth rates of the ZnO crystals in different planes are in
sequence as follows: (000 1) > (10-11) > (10-10). Growth
rate of the (0 0 0 1) plane was the most rapid leading to the
sharp tips at the end of the nanorods. Growth rate of the
(10-10) plane is at the slowest, and that of the (10-11)
plane in the middle; therefore, they remained to form the
hexagonal prism ZnO nanorods [8,13,14].

In general, size and shape of the products are controlled
by the competition between crystalline nucleation and
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Fig. 2. SEM images of ZnO synthesized in the solutions with the pH of (a—d) 9, 10, 11 and 12 by the 120 °C and 24 h hydrothermal reaction.

Fig. 3. (a, b) TEM images, (c) SAED pattern, and (d) HRTEM image of hexagonal ZnO nanorods synthesized in the solution with the pH 12 by the

120 °C and 24 h hydrothermal reaction.

growth, determined by the inherent crystal structure and the
chemical potential of the precursor solution. For the
nucleation rate of more than the growth rate, the crystals
are small and low aspect ratio, with a large number of

crystals. Contrarily, they are large, high aspect ratio and
small number. Although the crystal growth is mainly
determined by the intrinsic structure, it is affected by the
external conditions such as pH, saturation and temperature.



S504 N. Ekthammathat et al. | Ceramics International 39 (2013) S501-S505

a b In® Zn(OH), ? ¢
n?* n?* n 'S

on- " ow OH- OH- o OH Ol z0(oH),?
OH- OH- . OH- Zn[OH),? Zn{OH),*

n* In’ Zn(OH), 2
& p
| Zn-substrate |j —>|  In-substrate [] — Zn-substrate

C-BXIS

Zn-substrate

Zn0 nanorods array

Zn-substrate |

Fig. 4. Schematic diagram of a possible growth mechanism of hexagonal prism ZnO nanorods on Zn substrates.

In this work, pH of the solution was considered to play
an important role in the formation of hexagonal prism
ZnO nanorods [15,16]. Fig. 4 shows the schematic diagram
of a possible growth mechanism of hexagonal prism ZnO
nanorods grown on Zn substrate, simply explained in three
basic steps. First, Zn substrate was dissolved in basic
solution and Zn?* ions formed. Second, [Zn(OH),*~
complex ions formed to create multiple nuclei on the zinc
substrate. Third, homoepitaxial growth of nuclei proceeded
as hexagonal prism ZnO nanorods by the 120 °C and 24 h
hydrothermal reaction [§].

By continuously increasing the pH of the solution, a
large number of ions were produced. This led the system in
forming a supersaturated solution, which favored the
formation of hexagonal prism ZnO nanorods. Hence, the
facile growth of hexagonal prism ZnO nanorods on Zn
substrates was attributed by the alkaline solution with very
high concentration of hydroxide anions [8].

The room-temperature PL spectra of hexagonal ZnO
(Fig. 5) were measured using 215 nm excitation wave-
length. They show the same emission broad band at 510-
640 nm with a strong band at 543 nm, corresponding to
the green-yellow emission due to the recombination of
electrons trapped at singly charged oxygen vacancies and
photogenerated holes [17,18]. The emission became wea-
kened by the desorption of OH™ groups on the surfaces of
ZnO nanorods.

In general, two emissions were detected on ZnO nanor-
ods: UV range caused by the recombination of electrons in
conduction band and holes in valence band relating to
band gap, and visible range by surface defects of crystals.
Different rationalizations were caused by the change in PL
of 1D ZnO nanostructures. The UV emission intensity is
the maximum, when the 1D ZnO nanostructures have an
orientation along the c-axis, and increases as the crystallite
size increases. Meanwhile, surface defects, interstitial
defects, and the adsorption of impurities on the surfaces
of the nanorods can lead to different emissions in the
visible range. Among the different defects are oxygen
vacancy, zinc vacancy, oxygen interstitial, zinc interstitial
and antisite oxygen. Oxygen vacancy is at the most to be
mentioned. In general, visible emission is caused by the
recombination of electrons trapped in singly charged
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Fig. 5. PL spectra of ZnO synthesized by the 120 °C and 24 h hydro-
thermal reaction.

oxygen vacancies and photogenerated holes. Sometimes
the photogenerated holes are first trapped on the product
surface, diffused into the bulk, and subsequently combined
with electrons trapped at the singly charged oxygen
vacancies to form doubly charged oxygen vacancies. The
recombination of holes at doubly charged oxygen vacan-
cies and electrons in conduction band leads to the emission
of visible spectrum. Considering the green emission, it is
known to be the recombination of photogenerated holes
with electrons occupying intrinsic defects, such as singly
charged oxygen vacancies and antisite oxygen atoms. The
emission intensity is increased with the increase in the
concentration of defects, including the band bending effect
due to the chemisorption of oxygen and the crystal. The
yellow emission is caused by the zinc interstitial atoms
[19,20].

4. Conclusions

The good crystalline hexagonal prism ZnO nanorods
with high density were synthesized on Zn substrates by the
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120 °C and 24 h hydrothermal reaction without the use of
any catalysts or additives. Phases of the products were
investigated by XRD, specified as wurtzite hexagonal ZnO
structure on Zn substrates. SEM and TEM images revealed
the presence of the hexagonal prism ZnO nanorods, pre-
ferentially grown along the [0 0 1] direction. Room tempera-
ture PL spectra were sharp and strong with the green-yellow
emission at 543 nm.
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