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Abstract

An environmentally benign natural oxidation based synthetic technique has been developed to grow and transform the ZnO nanorods into
nanodisks at a very mild temperature of 55 °C with excellent features of its novelty and reproducibility. Metallic zinc foil and formamide solution
have been utilized as substrate and reacting solution, respectively, for the growth of ZnO nanostructures. The optimized values of temperature,
concentration of formamide and the reaction time are achieved to obtain the controlled and desired nanoscale morphologies. Detailed mechanism
of the structural transformation of the nanorods into nanodisks has been discussed. Strong ultraviolet emission peak along with the much weaker
deep level defects related emission has been realized in the microphotoluminescence spectrum. A visible red-shift and decrease in the intensity of
ultraviolet peak are observed with increasing range of temperature from 20 to 300 K.

© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Controlled synthesis of nanoscale structure is intimately
associated with the exploration of their novel phenomena and
potential applications. Morphological dimensions of the nanos-
tructures are significantly important and expectations towards
the exceptionally improved functional properties increase at
the scale roughly between 1 and 100 nm. The aim to achieve
these properties has entailed the tremendous interest for the
fabrication of the nanoscale morphologies with high crystalline
quality, purity and in particular growth orientation [1].
Amongst the various fascinating materials, ZnO is a distinct
low cost material having the most plenteous nanostructures
and exhibits its capability to be utilized for the miniaturized
nanodevice applications. In addition, the ease of the fabrication
of ZnO nanostructures of any shape and on any surface brings
it to the forefront in the fields of fundament laboratory research
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and industrial technology. In recent years, ZnO nanostructures
have become the center of an intensive interest due to its broad
range of applications; such as, dye-sensitized solar cells,
field emission, sensors, piezoelectric generators, hydrogen
storage devices and light emitting diodes [2-7]. In many
applications, the properties of ZnO nanostructures have a
strong dependence on its crystallography, surface area and
morphology. The growth habit and morphology of ZnO
nanostructures are crucially important for practical applications
and have strong dependence on the growth parameters, such
as, reaction time, temperature, concentration of the solution,
reagents stoichiometry and the pH value of the solution.

In the recent decade, one dimensional ZnO nanostructures
with different morphologies, such as nanowires, nanorods and
nanotubes [2,4,8] have proved their potential for the usefulness
in the progression towards efficient nanodevices. Besides these
nanostructures, various two and three dimensional nanostruc-
tures e.g. nanoplates, nanodisks, nanosheets, thin films and
tetrapods are also being synthesized [9-13]. Till date, mis-
cellaneous attractive ZnO morphologies have been synthesized
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by using diverse methods, for instance chemical vapor
deposition, thermal evaporation, vapor liquid solid and solu-
tion approaches [14-18]. The majority of these growth
techniques require expensive equipments, hard growth condi-
tions and pretreatment of the substrate, while the rest of them
need external additive precursors, e.g. citrate ions, iodide and
polyethylene glycols to get the desired nano/microstructures
[16,18,19]. Here, we report a controlled and reproducible
solution methodology for the large scale production of ZnO
nanorods and their transformation into nanodisks on zinc foil
via natural oxidation of metallic zinc. In addition, this simple,
low cost and environmentally friendly technique has the huge
potential to produce various ZnO nanostructures of diverse
shape and size without any additive precursors or pretreatment
of the substrate. Till date, the structural transition from ZnO
nanorods to nanodisks has not been reported in the literature
through a single step strategy while working at low tempera-
ture conditions or without using any external precursor.
Moreover, the emission properties of the ZnO nanodisks have
been analyzed through microphotoluminescence (p-PL) for the
temperature range of 20-300 K.

2. Experimental

For the preparation of ZnO nanostructures with various
morphologies, two pieces of zinc foil (1 x 1 cm?) substrates
were cleaned in ethanol solution using ultrasonication bath.
Both substrates were immersed perpendicularly to the bottom
of a vial in a 3ml of 15% formamide aqueous solution.
The sample vial was sealed and then placed in a preheated
oven at a constant temperature of 55 °C. The substrates were
then rinsed thoroughly in ethanol and dried in air for further
characterization. Time dependent experiments were carried out
to optimize the reaction duration as well as to elucidate the
transformation mechanism of ZnO nanorods into nanodisks.

3. Results and discussion

The morphological changes, dimensionality and density of
the ZnO nanostructures are examined by using scanning
electron microscopy (SEM), Fig. 1(a—c). Fig. la shows a
panoramic view of the ZnO nanorods on zinc foil substrate
covering the whole area with uniform density, smoothness of
the top surface and equal length. It is observed that the average
diameter and length of the nanorods after 18 h reach the values
up to ~400nm and 2 um, respectively. The synthesis
mechanism of ZnO nanorods can be understood by consider-
ing the process of natural oxidation which removes the thin
passive layer of ZnO present on the zinc foil substrate.
The pace of the growth process can be affected significantly
by slowing down the natural oxidation of the zinc foil in an
aqueous solution. However, the presence of high percentage of
formamide in an aqueous solution can drastically enhance the
spontaneous natural oxidation process which could be the
reason to produce abundance of Zn"? ions from zinc foil
substrate. The coordination among primary amine (-NH,) in
formamide with Zn™? jons plays an important role in the

formation of zinc—formamide complex (Eq. (1)) [20,21].
Zn+n(HCONH;) 4 2H,0 — Zn[n(HCONH,)](OH), + H,1
(1)

The continuous production of the zinc—formamide complex
from the zinc foil substrate simultaneously decomposes into
Zn0O and formamide along with water (Eq. (2)).

Zn[n(HCONH,)|(OH), - ZnO+[n(HCONH,)]+ H,0 (2

The production and consumption of the OH™ ions in the
proposed chemical reactions could give rise to different values of
the pH near the zinc foil substrates and in the remaining part of the
solution. Although, the nature of the reacting solution has been
acidic initially due to low pH value while it has been increased
with passage of reaction time and reached at its stable neutral value
(~7.8) due to the production of OH™ ions in the reacting solution.
The nucleation of the ZnO nanoparticles starts at this stable neutral
pH value. Due to the lower activation energy barrier, heteroge-
neous nucleation is preferential as compared to homogeneous
nucleation. Hence, the lower energy between the crystal and the
zinc foil substrate interface compared to the energy between the
crystal and the solution interface allows the faster nucleation at
lower saturation ratios onto the zinc foil substrate than in a
homogeneous solution. As a result, single crystalline ZnO
nanorods start to grow along a preferred orientation perpendicular
to the zinc foil substrate. The production of the Zn "2 ions largely
depends on the reaction temperature and the concentration of
formamide in the solution [21,22]. The presence of the high
concentration of formamide (15%) in the chemical reaction readily
provides the zinc—formamide complex to supply the Zn™2 jons
which results in the formation of the ZnO nanorods.

When the reaction time is extended up to 22h, ZnO
nanorods start to break-up into small nanodisk shaped slices
along their length as shown in Fig. 1b and this process takes
further 2 h for a complete structural transformation of all the
ZnO nanorods into nanodisks with the thickness of < 100 nm
as shown in Fig. lc. It is obvious from the image that
nanodisks hold their hexagonal shape with high density and
a smooth surface of the (0002) crystal plane. The mechanism
behind the structural transition of nanorods into nanodisks
could be the result of abundantly produced OH ™ ions during
the chemical reaction shown in Eq. (1). These OH™ ions
consequently introduce a high pH value in the surroundings of
the zinc foil containing ZnO nanorods and suppress the
stability of the nanorods along their length which can accord-
ingly lead to the break-up of the nanorods. The perpendicular
orientation of the zinc foil substrate with the bottom of the
vial can also play a role in this structural transformation.
The growth of nanorods using the proposed chemical reaction
is natural but their structural transformation into nanodisks is
quite interesting utilizing this single step synthetic approach.
Also, the ZnO nanostructures grown using the present techni-
que always have a material with high purity because this
approach is based on the natural oxidation of the zinc foil and
no additional precursors are involved [20]. Although, few
reports on the alteration of ZnO nanostructures by using
external precursors can be found in the literature, however,
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Fig. 1. SEM images of ZnO nanostructures grown on zinc foil at various stages: (a) Hexagonal-shaped ZnO nanorods (18 h). (b) ZnO nanorods (22 h) showing
their structural transformation into nanodisks. (c) Large array of hexagonal shaped ZnO nanodisks (24 h). (d) Low-resolution TEM of single nanodisk showing its
hexagonal phase. (e) High resolution TEM image of nanodisk showing an impurity free crystal structure. Inset shows the corresponding SAED pattern from the

same nanodisk.

such single step, simple structural transformation has not been
reported yet. A transmission electron microscope (TEM) is
used to study the structural characteristics of the ZnO
nanodisks while the sample was prepared by ultrasonic
dispersion of product on a copper grid and selected area
electron diffraction (SAED) pattern has been recorded to
investigate their crystalline growth orientation. Low-
resolution TEM image confirms hexagonal shape and thick
structure of single nanodisk as shown in Fig. 1d. High
resolution TEM image from the edge of the ZnO nanodisk
reveals a good crystalline quality of the nanostructure, Fig. le.
In the inset of Fig. le, the SAED pattern recorded from the
face of the nanodisk along the [0002] zone axis shows the
hexagonal ZnO lattice structure.

The composition of the presented nanostructures is affirmed
by using energy dispersive X-ray spectroscopy (EDS). Fig. 2a
illustrates the EDS pattern from ZnO nanodisks which is
almost identical to other nanostructures and shows the pure
ZnO material without any external impurity. The overall phase
purity and crystallinity of ZnO nanorods and nanodisks have
been characterized by X-ray diffraction (XRD). All the
diffraction peaks are indexed to zinc foil substrate and pure
hexagonal wurtzite ZnO structure showing good agreement
with the values of the standard card (JCPDS 36-1451), Fig. 2b.

Temperature dependent optical characteristics of the ZnO
nanodisks have been analyzed by p-PL for the temperature
range of 20-300 K. The p-PL of ZnO nanodisks exhibits a
strong UV emission and a very weak blue-green emission
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Fig. 2. (a) EDS spectrum of ZnO nanodisks. (b) XRD pattern of ZnO nanorods
and nanodisks showing hexagonal phase purity.

peak. In ZnO, the UV emission peak is generally considered as
a band gap-related emission and the visible emission is
imputed to deep level defects related emission. The strength
of UV emission peak from ZnO nanodisks compared to the
visible emission is attributed to high crystalline quality of ZnO
nanodisks which indeed confirms our discussion on the better
crystal quality achieved by the presented synthetic technique.
Micro-PL spectra show a red-shift in the UV exciton related
emission with the gradual increase in the temperature value,
shown in Fig. 3a. Red-shift in the UV emission peak has been
related to the band gap shrinkage of ZnO nanodisks which is
consistent with the well-known Varshni relation [23] and
earlier published work [24,25]. The temperature dependence
of the pu-PL peak intensity and position is clearly shown in
Fig. 3b. The high UV emission intensity at 20 K is a strong
evidence of a high optical quality of ZnO nanodisks. However,
the slight increase in the intensity of the deep levels emission is
observed with the increase of temperature.

4. Conclusions

The presented synthetic strategy has full potential for the
large scale production of nanostructures but also has the
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Fig. 3. (a) Temperature dependent p-PL spectra of ZnO nanodisks ranging
from 20 to 300 K. (b) Effect of increase in temperature on the intensity and
peak position of UV emission peak.

capability to govern the time dependent morphological evolu-
tion for ZnO nanorods and their structural transformation into
nanodisks. The abundantly produced OH™ ions from the
metallic zinc foil substrate and orientation of the substrate
have been suggested as a key behind the transformation of
ZnO nanorods into nanodisks slices. The strong intensity of the
UV peak in p-PL emission indicates a high crystalline quality
of the ZnO nanodisks. Temperature dependent p-PL shows an
energy red-shift and intensity decrease of the UV emission
peak with increasing temperature. The synthesis of the ZnO
nanostructures may offer promising applications for optical
and sensing devices due to their high surface area to
volume ratio.
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