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Abstract

In the present work, well-dispersed two new structures of scale- and spindle-like ZnO were successfully synthesized by using zinc
nitrate hexahydrate as the starting material and also the low temperature hydrothermal process and any additional surfactant, organic
solvents or catalytic agent. The ZnO structures were characterized by X-ray diffraction (XRD), field-emission scanning electron
microscopy (FE-SEM) and transmission electron microscopy (TEM). Optical property of the ZnO structures was investigated by room-
temperature photoluminescence (PL) spectroscopy. The results revealed that ZnO powders have hexagonal (wurtzite-type) crystal
structure and a large amount of well-dispersed ZnO scale- and spindle-like structures was formed. The thickness of scales was in the
range 40-60 nm and the diameter of spindles was in the range 50-70 nm. Room-temperature PL spectra from the ZnO structures
showed a weak UV emission peak at ~382 nm and a very strong visible green emission at ~ 530 nm, that was ascribed to the transition
between V,Zn; and valence band.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

ZnO is a direct wide band gap (3.37 eV) semiconductor
with a large excitonic binding energy (60 meV) at room
temperature. Direct fabrication of special structures with
controlled crystalline morphology represents significant
challenge in various fields, because it can provide a better
model for investigating the dependence of electronic and
optical properties on the size confinement and dimension-
ality [1-4]. Various ZnO structures including nanobrushes
[5], nanowires [6], nanobowls [7] and nanoplates [§8] have
been produced. They are widely used in many important
areas, such as solar cells [9], pigments [10], gas sensors [11],
electronics [12] and photocatalysts [13]. Different methods
have been used to prepare ZnO nanostructures, such as
hydrothermal [14], sol—gel [15], mechanical milling [16] and
chemical vapor deposition [17]. All wet-chemical methods
for preparation of ZnO nanostructures need to use organic

*Corresponding author. Tel.: 498 312 5225041; fax: +98 312 5228530.
E-mail addresses: na.kiomarsipour@yahoo.com (N. Kiomarsipour),
shoja_r@mut-es.ac.ir (R. Shoja Razavi).

solvents, surfactants, high temperatures, very hard process
control and templates [18-21], whereas the hydrothermal
method is a promising one for fabricating ideal structures
with special morphology because of the low cost, low
temperature, high yield and scalable process. In the present
work, a simple hydrothermal process was used to prepare
two novel well-dispersed ZnO nanostructuers on a large-
scale at low-temprature and without using any additives.

2. Experimental
2.1. Synthesis of scale-like ZnO

In a typical experiment of synthesizing scale-like ZnO,
1.5M zinc nitrate aqueous solution was prepared by
adding 31.22 g Zn(NOs;),-6H,O (Reagent Grade, 98%
Sigma-Aldrich) to 50 mL distilled water. The pH of the
solution increased to 11 by adding dropwise 2 M solution
of KOH (11.22 g KOH added in 50 mL distilled water) and
stirring vigorously for 10 min at room temperature. Then
the resulting slurry mixture was transferred into a 100 mL
Teflon-lined stainless steel autoclave up to 80% of the total
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volume. Hydrothermal reaction was conducted at 160 °C
for 18 h in an oven. After the reaction was completed, the
final product was collected by pressure filtration. Pow-
dered sample was thoroughly washed with distilled water
and then dried in air at 120 °C for 12 h. Finally, about
2.88 g of product was harvested.

2.2. Synthesis of spindle-like ZnO

0.5M zinc nitrate aqueous solution was prepared by
adding 7.34 g Zn(NO3),-6H,O to 70 mL distilled water.
The pH of the solution increased to 11 by adding 2 M
solution of KOH dropwise and stirring vigorously for
10 min at room temperature. Then the resulting slurry
mixture was transferred into a 100 mL Teflon-lined stain-
less steel autoclave. Hydrothermal reaction was conducted
at 160 °C for 18 h in an oven. After the reaction was
completed, the final product was collected by pressure
filteration. Finally, about 1.85 g of product was harvested.

2.3. Characterization

Crystal structure of as-prepared products was character-
ized by powder X-ray diffraction (XRD) on a Bruker D8
Advance X-ray diffractometer using Cu-Ko radiation
(40kV, 40 mA and 2=0.1541 nm). XRD patterns were
recorded from 0° to 90° with a scanning step of 0.02 °/s.
Morphology and size of the samples were analyzed by
Hitachi S-4160 Field Emission Scanning Electron Micro-
scopy (FE-SEM) at an accelerating voltage of 15kV and
the Philips CM10 transmission electron microscope
(TEM), using an accelerating voltage of 200 kV. Room-
temperature photoluminescence spectra (PL) were
achieved on an Edinbergh instrument FLS 920 spectro-
scope using a 250 nm excitation line.

3. Results and discussion

Typical XRD patterns of the products are shown in
Fig. 1la and b. All diffraction peaks can be indexed as
hexagonal wurtzite ZnO with cell constants a =3.2490 A°
and ¢=5.2050 A° for products, which is in good agreement
with the reported data for ZnO of JCPDS File no. 00-005-
0664. Very sharp diffraction peaks indicated the good
crystallinity of the prepared crystals and no characteristic
peaks were detected for the other impurities such as
ZH(NO3)2 . 6H20 and ZH(OH)2

The morphology and structural characterizations of the
scale- and spindle-like ZnO are shown in Figs. 2 and 3. As
can be seen in Figs. 2a and 3a, the products are composed
of well-dispersed crystals with scale- and spindle-like
structures on a large scale, where all the scales have fairly
uniform diameters of about 300 nm and thicknesses of
50 nm. The diameters and lengths of spindle-like ZnO are
about 70 nm and 1-2 um, respectively. The magnified
SEM images, shown in Figs. 2b, ¢ and 3b, c, indicate the
detailed morphology of the ZnO structures. The products
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Fig. 1. XRD patterns of (a) ZnO scale-like and (b) ZnO spindle-like.

are further characterized by TEM. As shown in Figs. 2d, e
and 3d, e, all of the dispersed samples on the TEM grids
show scale- and spindle-like shapes, which confirm the
SEM results.

The possible mechanism of the formation of scale-like
ZnO can be discussed based on both its nucleation and
growth stages. At the nucleation stage, the intrinsic crystal
properties dominate the shape of the initial ZnO seeds,
that is, platelet seeds. The formation process for ZnO
nanopowders under hydrothermal condition can be repre-
sented as follows. Precursor of basic zinc nitrate hexahy-
drate Zn(NOs),-6H-,O hydrolyzes, which induces the
formation of zinc hydroxide (Zn(OH),) hydrosol (shown
in reaction (1)). If the pH value in the aqueous solution is
about 11, Zn(OH), is the main composition. During the
hydrothermal process, part of the Zn(OH), colloids dis-
solves into Zn’>" and OH™ according to reaction (2).
When the concentrations of Zn>* and OH ™ reach the
supersaturation degree of ZnO, according to reaction (3),
ZnO nuclei is formed. The growth units of Zn(OH)42_
(according to reaction (4)) have a tetrahedron geometry.
The reactions in the solution are shown below [22]:

Zn(NO3),-6H,0 + 20H™ —4Zn(OH),+ NO3;*~ 4+ H,0

(1
Zn(OH), »Zn*" + 20H" )
Zn** 4+ 20H™ -»ZnO + H,O (3)
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Fig. 2. (a) Low-magnification FE-SEM image, (b and c) high-magnification FE-SEM images and (d and e) TEM images of ZnO scale-like.

Zn(OH),+ 20H~ - Zn(OH),*~ “

Zn(OH),>~ - ZnO + H,0 + 20H" Q)

The formation mechanism of crystals in solution mainly
contains the formation of growth units and the incorpora-
tion of growth units into crystal lattice. The formation rate
of ZnO nuclei is proportional to the concentration of the
growth units Zn(OH)42_ in solution. The formation rate of
the growth unit is proportional to the concentration of
Zn>" and OH ™ ions. So, the formation rate of ZnO nuclei
is proportional to the concentration of Zn’* and OH~
ions [23].

It can be seen from Figs. 2 and 3, that the morphology
of the ZnO crystallite prepared by the hydrothermal
method using different concentrations of Zn(NO3), - 6H,O
solution as precursors at 160 °C is greatly different. When
the concentration of Zn(NO3),-6H,O solution is 1.5 M,
the particle’s morphology is scale-like and when the
concentration of Zn(NOs), - 6H,O solution is 0.5 M, the
particle’s morphology is spindle-like. In the scale-like
morphology (Fig. 2), higher concentration led to high

supersaturation and formation of many nuclei for the first
time with small sizes. Formation of many nuclei caused
reduction of supersaturation and inhibited grain growth.
As the reaction was carrying out the concentration of
precursor, the amount of growth units Zn(OH);” in
solution reduced, which could not provide sufficient raw
materials for the growth of the nucleus. With higher
concentration of Zn>*, the nucleation rate would be
higher. More nuclei formed in the initial stage would or
may result in the formation of more ZnO scales, whereas in
the spindle-like morphology (Fig. 3), lower concentration
led to low supersaturation. Finally, after the nucleation
stage, the growth units of Zn(OH)ff are subsequently
incorporated into these seeds along the c-axis of ZnO
crystal lattice and led to spindle-like morphology [24]. The
schematic growth model of ZnO scale- and spindle-like
structures is shown in Fig. 4.

The room-temperature PL spectra of as-prepared ZnO
scale- and spindle-like, shown in Fig. 5a and b, were obtained
with an excitation wavelenght of 250 nm. From Fig. 5, it can
be seen that the as-produced samples exhibit a weak UV
emission (380 nm) and a strong visible emission (530 nm).



816 N. Kiomarsipour, R. Shoja Razavi | Ceramics International 39 (2013) 813-818

- Y77 A b, §

15.0K X15.8K 2.88rm

15. kv XE60.0akK

Fig. 3. (a) Low-magnification FE-SEM image, (b and c¢) high-magnification FE-SEM images and (d and e¢) TEM images of ZnO spindle-like.
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Fig. 4. The schematic illustration of the possible growth mechanism of ZnO scale- and spindle-like structures.

The weak UV peak at 3.26 eV corresponds to the near-band- emission, which is commonly due to different intrinsic or
edge (NBE) emissions originated from the recombination of  extrinsic defects, can also be found in the photoluminescence
the free excitons of ZnO. Furthermore, a strong visible spectra of the as-produced samples [25].
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Fig. 5. Room-temprature photoluminescence spectra of (a) ZnO scale-
like and (b) ZnO spindle-like.

The broad green emission band at about 530 nm is
generally attributed to the radiative recombination of a
photo-generated hole with an electron occupying the
oxygen vacancy. However, surface states have also been
identified as a possible cause of the visible emission in the
ZnO nanomaterials. It is reasonable that there are some
defects in the ZnO nanostructures at the surface and
subsurface due to their fast reaction formation process
and large surface-to-volume ratio [26]. Usually, the UV
emission is attributed to the near band edge emission of the
wide band gap of ZnO due to the annihilation of excitons.
And the green luminescence is considered to be the result
of radiative recombination of photo-generated holes with
singularly ionized oxygen vacancies. In the present work,
the stronger green emission should be attributed to much
more defective of the microstructures prepared at lower
temperature than those deposited at much higher tempera-
tures, at which the UV emission is stronger [27,28]. Unlike
those reported in many ZnO nanostructures synthesis, the
green emission band (around 510-550 nm) due to the
presence of the singly ionized oxygen vacancies (or other
point defects) is clearly observable in our samples that was
in accordance with the results of Wu et al. [29].

In the visible region, different peaks originate from
different transitions. The peak on 525 nm relates to the
transition between complex oxygen vacancy and interstitial
zinc (V,Zn;) and valence band, and the peak on 574 nm

relates to the transition between complex oxygen vacancy
and interstitial zinc (V,Zn;) and valence band or between
exciton level and antisite oxygen. It can be deduced that a
very strong green emission band near 525 nm observed in
the PL spectra of as-produced ZnO micro- and submicror-
ods should originate from the transition between V,Zn;
and valence band in ZnO structures [30].

4. Conclusions

Large-scale, well-dispersed scale- and spindle-like ZnO
were successfully synthesized in a simple system at about
160 °C for 18 h by using the hydrothermal method.
Zn(NOs),-6H,O and KOH were used as the reactants
without using any additives. The structural analysis con-
firms that the as-syntesized ZnO structures are of hexago-
nal wurtzite phase. The results indicated that the
concentration of starter solution has an important effect
on the particles morphology and higher concentration of
precursor led to smaller particles. The scale-like particles
were obtained with 1.5M zinc nitrate aqueous solution
that are very uniform in size and morphology and suitable
for pigmentation applications. The PL spectra of the
products showed a very stong visible green emission at
~530 nm that is desirable in sensor industry.
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