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Abstract

Hierarchical zinc oxide nanostructures were successfully synthesized by facile hydrothermal and sonochemical routes using citrate and
PEG as structure directing agents. The effect of precursor concentration and preparation methods on the formation of typical
morphology was systematically studied under hydrothermal and sonochemical conditions. Different concentrations of zinc acetate,
sodium citrate and NaOH under hydrothermal and sonochemical methods generate different hierarchical structures such as flower-like,
cabbage-like, and ellipsoidal ball-like morphologies, depending on the preparation conditions. The as-prepared ZnO samples were
characterized by X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), transmission election microscopy
(TEM), photoluminescence (PL) spectroscopy, Fourier transform infrared spectroscopy (FTIR) and particle size distribution (PSD)
analysis. Catalytic activities of the as-prepared samples were studied by photodegradation of Methylene blue.

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

Zinc oxide (ZnO) is an important functional oxide
semiconductor with a direct wide band gap (3.37 V), deep
violet/borderline ultraviolet (UV)) and a large exciton
binding energy (60 meV). It is a highly preferred multi-
tasking metal oxide having a vast list of attractive proper-
ties [1]. Due to its unique optical and electrical properties
[2,3], it is regarded as a potential material in optoelectronic
applications operating in the visible and near ultraviolet
spectral regions. The areas in which it is used include UV
light-emitting diodes [1,4,5], nanolasers [6], gas sensors [7],
highly-efficient green phosphors [8], photo-catalysts and
photovoltaic devices [9,10], field-effect transistors [11],
chemical sensors [12], transparent conductors and varistors
[13,14]. Also, it possesses excellent thermal and chemical
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stability, a large piezoelectric coefficient, and an easily
modifiable electrical conductivity.

The tremendous interest in ZnO is due to its unique
ability of possessing structure-dependent properties [15].
Properties like electrical and thermal transport, in addition
to optical and mechanical properties, could be varied with
respect to particle size, shape, morphology, orientation and
aspect ratio. Hence, morphology and dimensionality-
controlled growth of zinc oxide has become a challenging
topic lately to design novel functional devices. Accordingly,
many types of ZnO nanostructures, such as nanowires,
nanorod arrays, nanocombs, nanobelts, nanorings, nanoc-
ables, and other nanostructures have been synthesized by
various processes, such as thermal evaporation deposition,
template-mediated growth, metal-organic vapor phase epi-
taxy and the carbothermic method [16-21]. However, most
of the synthesis techniques require high temperature,
vacuum, or complicated controlling processes. Therefore,
it is of great importance and necessity to develop a
technique operating at mild reaction conditions. Hydro-
thermal and sonochemical methods have been proven to be
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a versatile approach for preparation of ZnO due the
convenience and simplicity in their operation.

More recently, ZnO architectures with different
morphologies synthesized via template-assisted hydrother-
mal or sonochemical methods have been greatly high-
lighted [22,23]. Yin et al. employed water-soluble
biopolymer sodium carboxymethyl cellulose (CMC)-
assisted hydrothermal method for synthesis of hierarchical
ZnO nanorod-assembled hollow superstructures for cata-
lysis and photoluminescence applications [24]. Wu et al.
have developed a facile amino acid histidine assisted
hydrothermal route to synthesize ZnO hierarchical archi-
tectures, including prism-like and flower-like structures
and hollow microspheres, and they exhibit different photo-
catalytic activities [25]. Mishra et al. have reported synth-
esis and growth of flower-like ZnO nanostructures using
starch assisted sonochemical method [26]. Moreover, in
this context, several different soft templates/capping agents
such as ethylene diamine [27], water-soluble diblock
copolymers [28] and surfactants [29] have been successfully
used to tune the size and shape of ZnO nanostructures.
Vaishampayan et al. have reported a low temperature
(4 °C) synthesis of crystalline flower-like ZnO by using an
aminolytic reaction at the air-liquid interface in an aqu-
eous media at an alkaline pH. They have further reported
that nanobelts overlap systematically to form petals of the
flower-like structure. The photodegradation of methylene
blue over the flower-like ZnO catalyst was observed which
was attributed to sub-bands formed due to surface defects
facilitating separation of charge carriers which increases
their lifetime [30]. In most of these methods of preparing
hierarchical ZnO nanostructures, the externally added
surfactants or capping agents were adsorbed preferentially
on some crystal planes of the growing particles that
ultimately alter the growth kinetics and relative stability
of the crystal faces and hence either promote or inhibit
crystal growth in some particular crystal planes, resulting
in the formation of anisotropic ZnO nanostructures. These
studies showed high morphology controllability of ZnO;
however, most organic additives used in these methods
were expensive long chain molecules. Polyethylene glycol
(PEQ), an inexpensive non-ionic surfactant has been used
to assist the formation of metal oxides in previous
researches [31,32]. PEG with uniform and ordered chain
structure is easily adsorbed at the surface of metal oxide
colloid. When this occurs, the surface activity of colloid
would greatly decrease. From the view of kinetics of
colloid growth, if the colloid adsorbs the polymer on some
area of its surface, the growth rate of colloid in some
certain direction would be confined. Therefore, the addi-
tion of PEG in the metal oxide colloids will modify the
growth kinetics of colloid, which finally leads to aniso-
tropic growth of crystals [33-35].

In this article, we report a facile synthesis of ZnO with
different morphologies via hydrothermal and sonochemical
processes with PEG, trisodium citrate and zinc acetate as
the Zn>" source. Citric acid is a weak organic acid and

often used as chelating agent. Herein, PEG was introduced
as an assembling and structure directing agent along with
sodium citrate for controlled synthesis of ZnO architectures
assisted by hydrothermal and sonochemical processes. We
have studied the effect of precursor concentration and the
effect of preparation methods on the morphology of the
resulting ZnO nanostructures. Different experimental con-
ditions plays a vital role during the formation of hierarch-
ical morphologies of ZnO such as flower-like, cabbage-like,
ellipsoidal ball-like and flake-like structures. The as-
synthesized ZnO samples were investigated in terms of their
morphology, crystallinity, growth mechanism and photo-
catalytic efficiency towards degradation of methylene
blue dye.

2. Experimental
2.1. Materials

Zinc acetate dihydrate (Zn(CH;COO),-2 H,0O) and
sodium hydroxide (NaOH) were purchased from Merck
(India). Trisodium citrate dihydrate and PEG-400 was
purchased from SRL (India). Double distilled water was
used to prepare solutions throughout all experiments.

2.2. Preparation of hierarchical ZnO nanostructures

In a typical preparation method, 50 mL of 0.1 M
aqueous Zn(CH;COO),-2H,O and 50mL of 0.34 M
aqueous Sodium citrate solutions were added to 30 mL
PEG-400 under magnetic stirring. Then, 20 mL of 1.8 mM
aqueous NaOH solution was added drop-wise to the above
emulsion. The resulting mixture was magnetically stirred
for 30 min at room temperature and then treated under
hydrothermal and sonochemical conditions. For hydro-
thermal treatment, the reaction mixture was transferred
into a Teflon-lined stainless-steel autoclave with a capacity
of 200 mL, sealed and maintained at 120 °C for 12 h. The
autoclave subsequently cooled to room temperature natu-
rally. The obtained precipitate was centrifuged at 5000 rpm
for 15 min, washed with distilled water several times and
finally dried at 60 °C in air for 8 h.

Similarly, for sonochemical treatment, the magnetically
stirred reaction mixture was irradiated with ultrasound
probe (Sonics Vibra cell, USA) for 2 h (with 5s pulse ON
and 1s pulse OFF at amplitude of 30%). The obtained
precipitate was then centrifuged, washed and dried as
earlier.

In order to investigate the influence of precursor con-
centration and the preparation method on the morphology
of ZnO nanostructures, a series of experiments were
carried out by varying the concentration of the reactants
by keeping the quantity of PEG constant. More specifi-
cally, the molarity of zinc salt, trisodium citrate and NaOH
was decreased systematically by keeping the quantity of
PEG and water same. The various preparation conditions
and the resultant morphologies are summarized in Table 1.
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7369

Reaction parameters for the preparation of ZnO nanostructures and their characterization data.

Sample [Zinc acetate] [Sodium citrate] [NaOH] PEG-400 Yield Morphology Size R002),
code ™M) ™M) (mL) (%) obtained (1um) aon
Hydrothermal method®

HT-1 0.1 0.34 1.8x 1073 30 98 Flower-like 1-3 0.86
HT-2 0.05 0.17 93x10* 30 97 Flower-like 3-5 0.81
HT-3 0.03 0.11 6.2x107% 30 98 Flower-like 1.5 0.79
Sonochemical method®

SC-1 0.1 0.34 1.8x 1073 30 98 Cabbage-like 1.6 0.88
SC-2 0.05 0.17 93x107% 30 96 Not defined 2-5 0.82
SC-3 0.03 0.11 6.2x107* 30 98 Ellipsoidal 3-5 0.81

#Reaction temperature=120 °C, reaction time=12 h (hydrothermal method).
®Time=2h (with 5s pulse ON and 1 s pulse OFF at amplitude of 30% (sonochemical method).

2.3. Characterization

The phase identification of the ZnO powders was
obtained by X-ray diffraction (XRD) recorded using a
Rigaku Miniflex X-ray diffractometer with CuKR irradia-
tion at 2=1.5406 A. The surface morphology of prepared
samples was investigated by Field Emitting Scanning
Electron Microscopy (FE-SEM) using a JEOL-JSM
Model 6700F field-emission scanning electron microscope.
The room-temperature photoluminescence spectra of aqu-
eous suspension were recorded on an F-2500 Fluorescence
spectrophotometer. For PL measurement, the samples’
water suspensions were excited at a wavelength of
340 nm. The particle size distribution measurements of
the as-prepared samples was done by dynamic light
scattering technique via laser input energy of 632 nm using
a PSS-NICOMP particle sizing system, Santa Barbara,
California, USA. UV-visible absorption spectra of an
aqueous suspension were recorded on a JASCO V-570
spectrophotometer by transferring an appropriate volume
of ZnO suspension to quartz cuvette. The spectral changes
in concentration of MB during photocatalytic degradation
were also studied using the same spectrophotometer. FTIR
spectra of as-prepared purified powdered samples were
recorded using KBr pellets on a Perkin Elmer 1090
spectrometer.

2.4. Photochemical experiments

The photocatalytic activities of the as-prepared samples
were evaluated by measuring the degradation of Methylene
Blue (MB) in aqueous solutions under sunlight irradiation.
All the experiments of photodegradation reaction were
carried out in a 100 mL beaker with a diameter of 6.5 cm.
For each experiment, 50 mg of photocatalyst was dispersed
in 100 mL of 100 ppm of the MB aqueous solution. Prior
to sunlight irradiation, the suspensions were magnetically
stirred in the dark for 30 min to ensure the adsorption/
desorption equilibrium of MB aqueous solution with the
photocatalyst. Five milli litres of the aliquots were sampled
at regular intervals of 15 min and analyzed by recording

variations in the absorption band (663 nm) in the UV-
visible spectra of MB using a JASCO V-570 UV-visible
spectrophotometer.

3. Results and discussion

ZnO samples were prepared by simple hydrolysis of zinc
acetate with aqueous NaOH in presence of the sodium
citrate and PEG as capping/structure directing agents
using hydrothermal and sonochemical methods as
described in the experimental section. Table 1 illustrates
various reaction conditions and detailed reaction para-
meters for the synthesis of ZnO samples. The as obtained
ZnO nanostructures were examined via XRD, FE-SEM,
TEM, and different characterization techniques, which are
discussed in the following sections.

3.1. XRD analysis

The phase and purity of the as-synthesized samples were
investigated by powder X-ray diffraction (XRD) analysis.
The typical XRD patterns of all as-synthesized samples
obtained by hydrothermal and sonochemical routes are
shown in Fig. 1(a) and (b), respectively. It can be seen from
the diffraction patterns that, they are nearly identical,
regardless of their preparation methods (hydrothermal or
sonochemical). All the diffraction peaks can be attributed
to crystalline ZnO with hexagonal wurtzite structure. The
spectral data are in agreement with JCPDS card no.
JCPDS 036-1451 for ZnO [36]. In all the samples, the
strong (hkl) peaks at 20 values of 31.79°, 34.42° 36.25°,
47.51°, 56.62° and 62.83°, corresponding to the lattice
planes: (100), (002), (101), (102), (110), and (103), respec-
tively have been observed, indicating lattice constants of a
and ¢ equal to 3.25 and 5.21 A, respectively matching well
with ZnO values. No characteristic peaks corresponding to
impurities have been observed in the XRD pattern of any
sample, which indicates formation of pristine ZnO. The
measured intensity ratio, Ro2)101y of the peaks belonging
to (002) and (101) planes for the samples prepared under
hydrothermal conditions were found to be 0.86, 0.81, and
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Fig. 1. XRD spectra of ZnO samples prepared under (a) hydrothermal
and (b) sonochemical method.

0.79 for HT-1, HT-2, and HT-3 respectively, whereas these
values for the samples prepared by the sonochemical
method were 0.88, 0.82, and 0.81 for SC-1, SC-2, and
SC-3, respectively (Table 1). It could be noted that, in case
of all the samples prepared under hydrothermal and
sonochemical conditions, the value of Rg2)/101) decreases
as the samples are prepared with reduced citrate concen-
tration. Moreover, these values are much higher than the
corresponding standard value of 0.44 of bulk hexagonal
wurtzite ZnO suggesting (002) orientation of the citrate
assisted ZnO samples Similar results were obtained and
reported by Raula et al. for ascorbate assisted synthesis of
flower-like ZnO nanostructures [37].

3.2. FESEM and TEM characterization

3.2.1. Hydrothermal method

The morphology of the ZnO nanostructures, prepared
under different reaction conditions were examined by the
FE-SEM technique. Fig. 2 illustrates FE-SEM images of the

samples prepared using hydrothermal method. Fig. 2(a)—(c)
show the FE-SEM image of the sample HT-1 which reveal
the formation of flower-like morphology consisting of
stacked tripods composed of uniform sheets with
~ 150 nm length and 75 nm width. It should be noted that
these tripod like structures accumulate and stack on each
other to give an overall appearance of flower like morphol-
ogy. These flower-like nanostructures have been uniformly
grown and do not contain any other morphology. However,
the size of the nanoflowers was found to vary depending
upon the degree of stacking of these nano-tripods. It is
worth noting that the morphology of these nanostructures is
quite different from those reported earlier, although all of
them are termed as flower-like nanostructures. It is known
that the concentration of metal ion precursor and the pH of
the reaction medium play a crucial role in controlling the
shape and size of ZnO nanostructures. To determine the
effect of precursor concentration and pH of the reaction
media on the formation of typical hierarchical structures,
experiments were carried out by systematically lowering the
concentration of reactants in the water/PEG mixture.
Fig. 2(d) and (e), represents the morphological structures
pertaining to sample HT-2 (prepared by using 0.05 M zinc
acetate, 0.17 M sodium citrate and 0.9 mM NaOH solu-
tions). Unlike sample HT-1, more pronounced flower-like
morphology is developed with well defined petals resem-
bling a Daheliya flower like pattern. It can be seen that the
ZnO flower comprises of the central thick node adorned
with radially arranged petals emerging from the center in a
systematic fashion. The size of an individual flower is
around 2-3 pm with conical petals of nanometric size. With
further lowering of the reactant concentration (viz 0.03 M
zinc acetate, 0.11 M sodium citrate and 0.62 mM NaOH
aqueous solutions with quantity of PEG and water like that
of HT-1 and HT-2) flowerlike morphology was retained
however the thick central nodal portion as found in HT-2,
opens up fully to evolve a fully bloomed flowers resembling
Jasmine like morphology (Fig. 2f and g). These flowers
show tendency of clinging together. Such transformation
from tripod like morphology to the well defined flower like
structures can be attributed to the dilution effect of
precursors viz. zinc acetate, sodium citrate and NaOH.
Thus, it may be concluded that variety of flowerlike ZnO
nanostructures can be formed by simply changing the
precursor concentrations using hydrothermal route.

More detailed structural information about this flower-
like ZnO was obtained from TEM analysis. Fig. 3 shows a
selected TEM image and corresponding SAED pattern of
a flower-like ZnO nanostructure (sample HT-2). Since
TEM provides a two-dimensional projection of a 3D
object and hence a star-like pattern is observed in TEM
picture. The size of the flower is around 2 pm which
matches well with the FE-SEM image. Closer examination
of the nanoflowers reveals that the petals are formed from
distinct spherical particles. The corresponding SAED
pattern (Fig. 3c) indicates the polycrystalline nature of
these flowerlike structures.
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Fig. 2. FE-SEM images of ZnO samples prepared by hydrothermal method: (a—c) HT-1, (d, ¢) HT-2 and (f, g) HT-3 corresponding to high and low

resolutions.

3.2.2. Sonochemical method

In order to study the effect of synthesis method on the
morphology of ZnO, experiments with similar precursor
concentrations were carried by using sonochemical
method. The experimental result revealed that, the synth-
esis method significantly affects the morphology. An
experiment using precursor concentrations of HT-1
(0.1 M zinc acetate, 0.34 M sodium citrate and 1.8 mM
NaOH aqueous solutions in PEG with water) under the
sonochemical method generates ZnO with cabbage-like
morphology. (Sample SC-1). The diameter of the cabbage
like structure is found to be around 1.6 um, which is
comprised of randomly assembled nanosheets. (Fig. 4a and
b). In case of SC-2 (with 0.05M zinc acetate, 0.17 M
sodium citrate and 0.9 mM NaOH in PEG with water)
with lowering precursor concentration, irregularly shaped
agglomerated product was obtained (Fig. 4c and d). On

further dilution, SC-3 (0.03 M zinc acetate, 0.11 M sodium
citrate, 0.62 mM NaOH solutions in PEG in water) the
agglomerated product in ellipsoidal shape with diameter
around 2 to 5 um with corrugated surface were obtained
(Fig. 4e and f). It seems that the flowerlike morphology
might have evolved through these structures by secondary
growth via oriented attachment. On the basis of the
microscopic data obtained the combined effect of reactant
concentration and ultrasound seems to be responsible for
evolution of such ellipsoidal ball type morphology which
we will discuss in detailed in growth mechanism section.

3.3. Photoluminescence (PL) spectra

Optical properties of ZnO architectures plays important
role in their technological applications. The corresponding
PL spectra of as-synthesized ZnO nanostructures are
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Fig. 3. (a) and (b) TEM images and (c) selected area diffraction (SEAD) pattern of sample HT-2.

shown in Fig. 5. The ZnO PL spectrum is reported to
consist of the ultraviolet (UV) emission centered at 381 nm
as the near band edge emission and a broad green emission
centered at about 510 nm [38]. It is generally accepted that
the UV emission of ZnO at 381 nm, corresponding to the
recombination of free excitons between conductive band
and valence band, which is called near-band-edge emission.
It is also suggested that high crystallinity plays a key role
in the enhancement of the UV emission. The green-light
emission at 510 nm corresponds to the deep level emission.
Deep level emissions can have several origins such as single
ionized oxygen vacancies, antisite oxygen, donor-acceptor
complexes [38—41], and so on. However, in our case only
strong a near-band edge UV emission peak at around
380-390 nm is observed for all the synthesized ZnO
nanostructures regardless of the preparation methods used,
yet the usually observed defect related to deep level
emissions were absent, suggesting high optical quality
ZnO nanoarchitectures synthesized by both hydrothermal
and sonochemical methods. The weak emission peaks
observed at 465-470nm in all the samples can be

attributed to the eclectron transition, mediated by defect
levels in the band gap. It is also seen from Fig. 5 that the
UV peak intensity of ZnO samples prepared sonochemi-
cally is comparatively lower than those of the samples
prepared hydrothermally, indicating relatively lower opti-
cal quality. As compared with the samples grown by
sonochemical method, a slight red shift in UV emission
is observed in the hydrothermally grown ZnO samples,
which is assumed to be associated with the different
compress stress in the ZnO architectures. Thus, the larger
compress stress results in narrowing the band gap which
further leads to the red shift of near band edge emission.

3.4. FTIR and particle size distribution (PSD)
characterization

The FTIR spectrum is an important tool which high-
lights on the nature of the adsorbed species. FTIR spectra
of the representative samples obtained from hydrothermal
(HT-1) and sonochemical (SC-1) methods are shown in
Fig. 6. The broad band at 3398 cm ' is due to O-H
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Fig. 4. FE-SEM images of ZnO samples prepared by sonochemical method: (a, b) SC-1, (c, d) SC-2 and (e, f) SC-3 corresponding high resolution images

respectively.

stretching vibration of the hydroxyl group. In addition, the
peaks observed at 1647 cm™! and 1570 cm ! are due to
asymmetric and symmetric stretching modes of carboxy-
late ions respectively. The peaks observed at 902 cm ' and
543 cm ™' can be assigned to C-C stretching mode and
M-O stretching vibrations respectively. These results
clearly indicate the adsorption of carboxylate ions on the
surface of the ZnO nanostructures.

Fig. 7 discloses the particle size distribution histogram of
zinc oxide nanostructures synthesized using hydrothermal

and sonochemical methods. A comparison of the results
indicates that, independent of the preparation method, the
particle size decreases with reduction in the reactants’
concentration. The mean diameters for the hydrothermally
prepared samples viz. HT-1, HT-2 and HT-3 were found to
be 98, 88 and 58 nm, respectively. Similarly, for sono-
chemically prepared samples viz. SC-1, SC-2 and SC-3 the
values are 218, 170 and 122 nm, respectively. These results
can be correlated to the concentration of reactants with
respect to amount of PEG used. It is believed that, the
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Fig. 5. Photoluminescence (PL) spectra of different ZnO samples pre-
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Fig. 6. FTIR spectrum of representative ZnO samples; HT-1, and SC-1.

PEG plays a protective role in which linear flexible
molecules can easily adsorb surface of oxides. Such
adsorbed layer provides a good steric protection against
aggregation [42,43]. Thus, the concentration of reactants
with respect to quantity of PEG plays an important role in
building-up of the typical architectures.

3.5. Plausible growth mechanism

On the basis of the morphologies obtained, a probable
growth mechanism for the formation of different hierarchal
ZnO nanostructures is proposed in Fig. 8. ZnO exhibits a
hexagonal wurtzite structure consisting of planes of tetra-
hederally coordinated O*~ and Zn®" ions, mounted alter-
nately along the polar c-axis. The well developed crystal faces
of ZnO evince positively charged polar (0001)-Zn surfaces,
six symmetric nonpolar (1010) planes of the side facets and
negatively charged (0001)-O polar surfaces [44]. The crystal

growth rate in different directions generally follows the order
[0001] > [1010] >[1011] > [1011] > [0001] [45]. During the
course of reaction, zinc acetate produces Zn>" cation which
readily reacts with OH™ anions forming the basic growth
unit [Zn(OH),J*~. These [Zn (OH)4*~ ions then decompose
to generate ZnO molecular species [37].

Zn** +40H™ —[Zn(OH),]*~ (1)

[Zn(OH),]*~ - ZnO+H,0+20H" )

Cheon et al. have reported that there are four different
parameters, kinetic energy barrier, temperature, time and
capping molecules that can influence the growth pattern of
nanocrystals under nonequillibrium kinetic growth condi-
tions in the solution based approach [46]. For the forma-
tion of flower type ZnO architecture consisting of stacked
tripod, it seems that as the reaction proceeds, the surfaces
whose normal directions are of fast growth rate disappear
while the slow growing surfaces remain. We believe, in our
synthetic architecture, during citrate and PEG assisted
hydrothermal and sonochemical synthesis, the capping
agents, citrate and PEG plays an important role for the
formation of these hierarchical nanostructures (Figs. 2(a
and b) and 3(a and b)). During the citrate assisted process,
large quantity of negatively charged [Zn (C¢HsO7):]"°
complex ions are in existence. These negatively charged
ions along with PEG are preferably adsorbed on the
positive polar plane {0001} by competing with growth
units, which minimizes the anisotropic growth of ZnO
along {0001} direction. However, there exist inevitable
defects or bulges on the lateral planes of the initially
formed ZnO crystals. Such bulges will preferentially grow
along the (0110) direction with lagging {0001} direction
within the (2110) plane resulting into formation of verti-
cally standing nanosheets on the lateral surface [47].
Moreover, there also exist some outshoots on the growing
nanosheets. These outshoots will grow and lead to the
formation of secondary branched nanosheets with termi-
nated (2110) facets and interplaner angles 60°. As the
hydrothermal reaction time proceeds, third or fourth
branched nanosheets could be formed on the as-grown
nanosheets resulting into formation of flower having
stacked tripod-like ZnO architecture.

While in case of sonochemical environment, more and
more nanosheets with (2110) planer surface interlaced and
overlapped with each other into a multilayered network
structure resulting in to the hierarchical ZnO cabbage-like
microstructure. The overall mechanism is schematically
presented in Fig. 8. Further, in a very early stage, as the
dehydration reaction (Eq. (2) above) progresses, more and
more ZnO clusters are formed in the solution. Subsequently,
the nucleation starts and thermodynamically stable (lower
surface energy) spherical/quasi-spherical ZnO seeds (~20—
30 nm) starts to form in the solution as mentioned elsewhere
[46,48]. Also, in nucleation stage, the growth of ZnO
nanostructures largely depends on the concentration of
the reactants irrespective of the presence of any foreign
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Fig. 7. Particle size distribution histograms of different ZnO architectures.

agent such as surfactant, polymer, or other additives in the
reaction medium. However, at the time of secondary growth
process, the additives (structure directing agents) are
adsorbed onto preferred planes and alter growth kinetics.
In our case, for the flowerlike morphology of samples HT-2
and HT-3, we tend to suggest that the concentration of the
reactants used was responsible for the formation of thermo-
dynamically stable product. We believe that, this flowerlike
morphology arises from oriented attachment of the initially
formed spherical/quasi-spherical/ellipsoidal ZnO nanocrys-
tallites in a particular plane. Formation of such primary
crystallites in our case is evident from the FESEM images of
sample ZnO/HT-2 (Fig. 2c¢—f), which were prepared at
reduced reactant concentration.

It is well known that for kinetically controlled products, the
flux of reactants largely determine the shape of the particles
formed [49]. As reported by Peng et al. [49], with the increase
in the flux of reactant concentration, gradual evolution of
shape occurs through zero dimensions to one dimension and
so on to three dimensions [50]. Moreover, it is evident that the
relatively higher ultrasonic frequency is also helpful for the
preparation of hierarchical ZnO structures. At higher concen-
trations of the reactants, the alteration of expansion and

compression of the local liquids is slower and longer periods
are left for negative pressure resulting into less frequent
collapse of bubbles and thus the effect of shock waves and
microjets may not displayed adequately. The reaction system
under this condition is similar to that without exertion of
ultrasonic irradiation and leads to thermodynamically stable
product; as a result, ZnO prepared with relatively higher
reactant concentration (sample SC-1) possesses cabbage-like
morphology. At still reduced reactant concentrations (Sample
SC-2 and SC-3), collapse of bubbles was capable of producing
shock waves and microjets that bombarded and eroded the
primary ZnO crystallites more frequently. In this case, the
secondary growth was effectively inhibited/suppressed and as a
result of this agglomerated product with irregular shape and
ellipsoidal balls with corrugated surface was formed in case of
samples SC-2 and SC-3 respectively. (Fig. 4c—f).

3.6. Photocatalytic activity

The use of ZnO for the photocatalytic degradation of
organic pollutants in aqueous solution is well established. To
demonstrate the potential applicability of our ZnO samples,
the photocatalytic degradation of methylene blue (MB) was
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Fig. 8. Schematic presentation of the formation of different hierarchical ZnO samples prepared by hydrothermal and sonochemical methods with

different precursor concentrations.

chosen as a reference, and the characteristic absorption of
MB appearing at 663 nm was selected for monitoring
photocatalytic degradation process. The absorption spectra
of aqueous solution of MB (100 ppm, 100 mL) in presence of
50 mg of ZnO flower-like structure (HT-2) under sunlight for
different time interval is shown in Fig. 9(a). The absorption
peak corresponding to MB at 663 nm reduces by 50% within
15 min and completely disappears after irradiation for ~ 60
min. Further experiments were carried out by using other as-
synthesized ZnO samples under similar conditions to evaluate
the morphology induced performance towards photocatalytic
degradation of MB. Fig. 9(b) shows variation in the
concentration of MB with sunlight irradiation time over
the as-prepared ZnO samples. A blank experiment, without
any catalyst was also performed. It does not show any
significant reduction in the concentration of MB under
sunlight irradiation. However, addition of ZnO catalysts
leads to the degradation of MB, and it is also observed that

the photocatalytic activity depends on the morphology of the
ZnO. The photocatalytic activity increases in turn for the
ZnO catalysts: ZnO/SC-3, ZnO/SC-1, ZnO/SC-2, ZnO/HT-3,
ZnO/HT-1 and ZnO/HT-2. Herein, the ZnO/HT-2 sample
exhibits highest photocatalytic activity, of around 96%
within 60 min irradiation. Kim et al. [51] have reported
that the maximum degradation of Methylene blue under
UV-light (1 kW) irradiation by 1.5 g/L rod- and spherical-
shaped ZnO nanoparticles was 98.5% and 74%, respec-
tively. Compared to their findings, our flower-like ZnO/
HT-2 catalyst demonstrates advantage of being active at
the lower catalyst concentration and under sunlight irra-
diation, indicating a facile and cost effective degradation
by the hierarchically grown ZnO structures. It is well
known that the surface area of catalyst contributes in the
photocatalytic activities. However, there are reports in the
literature demonstrating the low photocatalytic perfor-
mances of hierarchical ZnO structures even with higher
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tion: 100 ppm, 100 mL; catalyst dose: 50 mg).

surface areas [52,53]. In our case, high crystallinity and the
specific crystal face ({(po2)/101): Table 1) might be con-
tributing towards the enhancement in the photocatalytic
activity. The possible account for flower-shaped samples
with enhancement in photocatalytic activity can be attrib-
uted to more exposure of polar faces which bind S and N
atoms of the methylene blue (C;¢H;3N3SCI) molecules and
then photocatalyze it. Further investigations on the factors
accounting for different photoactivities are in progress.

4. Conclusion

In conclusion, the present study outlines facile hydro-
thermal and sonochemical routes to synthesize hierarchical
ZnO architectures with improved photocatalytic activity.
The morphologies of obtained samples could be controlled
by adjusting the precursor concentrations and the synthesis
method. It is observed that precursor concentration and
the preparation method have significant effect on the

morphology of the final product. Accordingly, flower-like,
cabbage-like, ellipsoidal ball-like ZnO architectures can be
obtained. Flower-like ZnO (HT-2) exhibits excellent
photocatalytic activity for degradation of MB dye. The
as-synthesized ZnO hierarchical structures are also
expected to be useful for other applications such as gas
sensing and organic transformations. Moreover, this work
further hints that such facile, green and economic
approach can be applied to synthesize other metal-oxides
with novel morphologies.
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