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Abstract Synthesis of zinc oxide (ZnO) nanoflowers and
nanopencils is normally carried out with the help of
structure-directing chemicals and templates. Besides
releasing environmentally toxic substances, the use of these
chemicals restricts the practical applications of nanostruc-
tures. In this paper, we report a typical template-free and
environmentally benign synthesis of ZnO nanoflowers with
nanopencils-like petals through a facile hydrothermal
method. The as-synthesized ZnO nanoflowers were char-
acterized using X-ray diffraction, field emission scanning
electron microscopy, tunneling electron microscopy
(TEM), high resolution TEM, and energy-dispersive X-ray
spectroscopy techniques. The results reveal high quality
and impurity-free hexagonal wurtzite phase ZnO nano-
flowers of nanopencils-like petals having a length of
100-150 nm and a diameter of 45-60 nm.
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Introduction

Nanocrystalline metal oxides play a very important role in

material science due to their tunable morphology and wide
applications in optoelectronics, energy conversions,
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microelectronics, optics, and biology [1, 2]. Among the
most reported metal oxides, zinc oxide (ZnO) has been
mostly characterized as a photonic material for its several
applications, for example for solar cells [3]. ZnO is a sig-
nificant technological semiconductor material with a wide
band gap of 3.37 eV and a large exciton binding energy of
60 meV. The morphological diversity of ZnO in the nano-
regime has made it a promising candidate for high per-
formance devices in the field of nanotechnology [4]. The
properties of ZnO nanostructures have been found to
strongly depend on their morphology [5]. Its morphology
usually includes nanowires, nanorods, nanobelts, nanor-
ings, nanosheets, nanoflakes, nanoflowers, and nanopencils
[6-8]. Among these nanostructures, current and future
possible applications of ZnO nanoflowers, with petals of
nanorods, nanowires, and nanopencils, etc., for optoelec-
tronic devices and solar cells have caused a great interest
throughout the scientific community [9]. These structures
have been synthesized through both the physical and
chemical methods. However, physical methods need
expensive equipments, high temperatures, and complex
procedures which restrict further development in actual
applications.

ZnO nanopencils and nanoflowers through chemical
route of hydrothermal synthesis have been reported by
many researchers in the past [5, 9-13]. All these synthesis
procedures include decomposition of different precursor
salts with the addition of catalysts and different environ-
mentally malignant chemicals, which are toxic and not
easily degraded in the environment [14]. Therefore, the
hazardous impact of these toxic chemicals provides a
motivation and a desire to synthesize nanostructures
without the use of environmentally malignant chemicals
and in particular, ZnO nanoflower structures, considering
its use in energy and environmental applications.
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In our earlier studies, we were able to obtain ZnO
nanostructures through the facile and environmentally
benign process at very moderate temperatures by varying
time and temperature of the reaction [4, 14, 15]. Impressed
by the results, we were prompted to look into more con-
ditions so as to synthesize more novel structures and as
such, in this paper we report the synthesis of ZnO nano-
flower, consisting of nanopencils-like petals through an
environmentally benign hydrothermal method. This syn-
thesis method besides being organic free is economical,
fast, and free of pollution, which makes it suitable for
possible large scale production and green synthesis of
different metal oxide nanostructures.

Experimental
Materials

Zinc powder (Ranbaxy Chemicals, particle size >5 um),
was used without any purification or any treatment and
distilled water. For the synthesis of ZnO nanoflowers, a
Teflon lined stainless steel cylindrical chamber (60 ml) has
been used.

Synthesis

In the typical synthesis of ZnO nanoflowers, consisting of
nanopencils, 10 mg of zinc powder was taken with 50 ml
of distilled water. Both reagents were dissolved in a
stainless steel chamber with 60 ml capacity. The stainless
steel chamber was then tightly fixed and transferred to an
oven at 210 °C. The reaction was allowed to carry on for
16 h. The system was switched off after the desired time
and was allowed to cool down under normal conditions and
was left as such for 8 h. The products were retrieved and
centrifuged twice before drying in open air conditions at a
temperature of 80 °C. The final products were character-
ized without any further treatment.

Characterization

The products were characterized for their phase, purity, and
structure by employing XRD and EDX. The XRD patterns
of the powdered products were plotted using a CuKa
radiation (4 = 0.15418 nm) from a Siemens D 5005 dif-
fractometer. The crystallite size of the particles was cal-
culated using the Scherer equation for maximum intensity
(101) reflection plane. The morphology and particle size
were carried out using high resolution FESEM (FEI NOVA
NANOSEM-600) coupled with energy-dispersive X-ray
spectrometer and Transmission electron microscopy
(TEM) (JEM-2010HR, Jeol Japan). The lattice fringe width
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and possible preferred orientation were observed by
HRTEM images, which were further studied for structural
characteristics.

Results and discussions
X-Ray diffraction

The X-ray diffraction (XRD) analysis was employed to
determine the phase structure and purity of the as-synthe-
sized ZnO powder. The XRD pattern of the as-synthesized
ZnO is shown in Fig. 1. The XRD data analysis clearly
reveals the crystalline nature of ZnO nanopencils and
closely matches with the standard diffraction pattern of
7ZnO and International Centre for Diffraction Data, Joint
Committee on Powder Diffraction Standards (JCPDS)
36-1451. The observed XRD profile was closely analyzed
and compared with that of JCPDS data for the hexagonal
ZnO as shown in Table 1. The diffraction peaks and rela-
tive intensity matched very well with hexagonal wurtzite
phase without having any additional peaks, except for the
peaks which are characteristic of ZnO. This suggests that
the synthesis of ZnO nanopencils via this facile hydro-
thermal route is of high quality and impurity free. Further,
the sharp peaks in the XRD pattern suggest that the ZnO
nanopencils are highly crystalline. The peaks at
20 = 31.77°, 34.47°, 36.23°, 47.53°, 56.62°, 62.90°,
66.40°, 67.90°, 69.06°, and 72.50° were assigned to (100),
(002), (101), (102), (110), (103), (200), (112), (201), and
(004) reflection planes of hexagonal wurtzite ZnO (space
group: P63mc), having lattice constants of @ = 0.3249 nm,
¢ = 0.5206 nm [4].

Formation mechanism

During the hydrothermal synthesis process, a critical tem-
perature/pressure breaks down the ZnO crystals to nanosize
in the mixture and as the evaporation takes place, both the
concentration and temperature change at the surface. This
causes an instability which drives the convection after the
liquid evaporates at a certain critical rate [16]. Now if one
isotropic phase (liquid, like a homogeneous mixture of
ZnO particles and distilled water) is surrounded by another
phase (vapor) and the interface between the two phases is
in equilibrium, then, the interface between the liquid phase
and the vapor phase ceases to exist and hence the two
phases become identical [17].Thus, a critical temperature
and a critical pressure should be sufficient for the growth of
nanostructures, as observed in our earlier studies [4, 14,
15].

The formation mechanism of ZnO nanopencils can be
explained on the basis of reaction between zinc powder and
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Fig. 1 EDX and XRD spectra
(inset) of ZnO nanopencils 5
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Table 1 Comparison of observed XRD profile with that of the

JCPDS profile

The Zn(OH), resulted in the formation of ZnO crystals
under the simple reaction as

Zn(OH), — ZnO + H,0

As zinc hydroxide is more soluble than zinc, more and
more surface layers of zinc were exposed to the hydroxide
ions. This resulted in a continuous formation of zinc
hydroxide. Under these ambient conditions, the ZnO
crystals, during the growth process resulted in the forma-
tion of ZnO nanoflowers from ZnO nanopencils in a self
assembling process.

Energy-dispersive X-ray

Energy-dispersive X-ray analysis (EDX) was carried out to

Reflection 20 (°) 20 (°) Relative Relative
planes from observed intensity from  intensity
(hkl) JCPDS JCPDS observed
(100) 31.728 31.77 57.85 60.63
(002) 34.400 34.47 44.24 48.51
(101) 36.212 36.23 100 100
(102) 47.494 47.53 22.92 19.51
(110) 56.519 56.62 3243 28.55
(103) 62.803 62.90 27.62 23.55
(200) 66.283 66.40 4.40 4.04
(112) 67.866 67.90 24.32 19.05
(201) 68.992 69.06 11.41 9.67
(004) 72.516 72.50 1.90 1.487
(a) (b)
Water
Vapour
ZnO
n
Powder Zn

Powder

Fig. 2 Illustration of ZnO nanopencil growth. a Initially Zn particles
and water vapour co-exist. b Zn(OH), region formed, which
decomposes to ZnO

water under high pressure at 210 °C. It formed a zinc
hydroxide [Zn(OH),] layer with hydroxide ions onto the
surface of the zinc foil [14] as illustrated in Fig. 2.

investigate the purity and the chemical composition of the as-
synthesized ZnO nanopencils. The EDX spectrum is shown
in Fig. 1. The energy peak at 0.525 keV corresponds to
oxygen (K line) and peaks at 0.906, 1.102 keV corresponds
to zinc (L line), while as 8.630 and 9.578 keV correspond to
zinc (K line). From the EDX analysis, it is clear that the
chemical composition is purely zinc (Zn) and oxygen (O),
with no other impurity contents. Thus, EDX analysis also
supports the high purity of the sample and is in agreement
with the XRD analysis, which also confirmed the same.

Electron microscopy

Scanning electron microscopy

FESEM micrographs of the as-synthesized ZnO powder
were employed to study the surface morphology and
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Fig. 4 a TEM and b HRTEM image of synthesized nanopencils-like ZnO flower. c—e The magnified TEM and HRTEM images of a and b

particle size. The FESEM images are reproduced in Fig. 3.
A cursory look at the images clearly reveals the flower-like
morphology with pencil-shaped rod-like petals, with
smooth surfaces and pointed tips. However, as observed
from Fig. 3b, the ZnO nanopencils have a wide size dis-
tribution. The length of the nanopencils is 100-150 nm,

* @ Springer

with a diameter falling within a range of 45-60 nm, while
least of these are having a diameter of 80-90 nm. It is also
evident that the ZnO nanopencils are having a hexagonal
structure. While Pol and co-workers and other works in the
past reported the pencil-shaped ZnO nanorods at 700 °C
for 24 h or greater [18], we observed the pencil-like ZnO
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nanorods together with flower-like morphology at 210 °C
for 16 h.

Transmission electron microscopy

To further study the structural and morphological charac-
teristics, the as-synthesized ZnO powder was characterized
using the TEM and HRTEM techniques, the results of
which are shown in Fig. 4. In Fig. 4a, the TEM images
clearly reveal the hexagonal structure with a diameter in
the range of 50-90 nm of ZnO nanoflower with nanopen-
cils-like petals confirming the FESEM results. Figure 4c, d
are the magnified images of Fig. 4a. These images clearly
demonstrate the nanopencils-like structures having pointed
tips. From the HRTEM images as shown in Fig. 4b, e, the
lattice fringes can be clearly observed. The interval dis-
tance of 0.26 nm between adjacent (002) lattice planes
confirms that the ZnO nanopencils are referentially grown
along the [001] direction. It can be easily observed that the
crystal is well-oriented with no observable structural
defects and thus, highly crystalline. These results are
comparable to those obtained by earlier works [19-21].

Conclusion

A benign hydrothermal synthesis of ZnO nanoflower with
pencil-like petals, at low temperature and under facile
conditions has been reported. From the results of XRD,
FESEM, TEM, HRTEM, and EDX techniques, it has been
observed that the ZnO flowers with nanopencils-like petals
are of high crystallinity with a diameter in range of
45-60 nm. This benign synthesis method can easily be
extended for the synthesis of other nanostructures, espe-
cially to metal oxides. It would be helpful in reducing the
adverse effects of nanotechnology on the environment
which is already under a large stress.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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