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Abstract

Hierarchical nanostructured ZnO with uniform flower-like morphology was obtained by using PEG-assisted low-temperature (120°C)
hydrothermal route. These structures are formed by systematic assembly of nanosheets (10-25 nm thick) with dominant {2-1-10} planes.
The products were characterized by using X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), Raman and
photoluminescence (PL) spectroscopy. These nanostructures display a strong structure-induced photocatalytic performance. It is observed that a
significant improvement takes place in the photodegradation of methylene blue as compared with other morphologies such as; spheres, vesicular

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

7ZnO is a wide band gap (3.37 eV) semiconductor with a large
exciton binding energy (~60 meV). It has witnessed enormous
interest because of advancement in synthesis and unique
applications in various fields such as photocatalysis, solar cells,
sensors, nanogenerators and optical waveguides [1—60]. Among
these applications, the photocatalysis is a mostly studied one
due to its high photosensitivity and stability [7,8]. It has been
demonstrated that photocatalytic activity of ZnO nanostructures
can be optimized by morphology control [9,10]. Therefore, con-
siderable efforts have been devoted to develop convenient
synthetic strategies for the synthesis of hierarchical ZnO struc-
tures. Accordingly, many types of ZnO nanostructures, such as
nanowires, nanorod arrays, nanocombs, nanobelts, nanorings,
nanocables etc. have been synthesized by various processes such
as thermal evaporation deposition, template-mediated growth,
metalorganic chemical vapor deposition (MOCVD) and car-
bothermic method [11-17]. However, most of these synthesis
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techniques require high temperature, vacuum or complicated
controlling processes which limits the large scale production at
low cost. Therefore, it is of great importance and necessity to
develop inexpensive technique operating at mild reaction condi-
tions. Hydrothermal method has proven to be a versatile approach
for preparation of ZnO due to convenience and the simplicity in
the operation.

Recently, there have been many reports on the preparation of
ZnO nanostructures with variety of new morphologies. The
growth of these differently shaped ZnO nanostructures largely
depends on the relative stability of the growth and direction of
crystal faces. Generally, the presence of capping agent capable
of stabilizing a particular crystal facet by adsorption can alter the
growth rate in different crystal planes [18,19]. In this context,
several different templates/capping agents such as water-soluble
polymers [20-22], various citrate salts [18,23,24], ethylene
diamine [25], water-soluble diblock copolymers [26], surfactants
[27-29] and amino acids [30] have been succefully used to tune
the size and shape of ZnO nanostructures. 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
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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 good control over the morphology of ZnO; however,
most of the organic additives used in these methods were
expensive long chain molecules. Formation of metal oxide in
the presence of a non ionic surfactant — polyethylene glycol
(PEG) is well documented in the literature [31-33]. PEG due to
its uniform and ordered chain structure is easily adsorbed at the
surface of metal oxide colloid, which in turn reduces the surface
activity. As the colloid adsorbs the polymer on some area of its
surface, the growth rate of colloid in certain direction gets
confined. Thus one can assume that the addition of PEG in
metal oxide colloid modifies the growth kinetics, which finally
leads to the anisotropic growth of crystals [34,35].

On the basis of above considerations, the present work
developed a facile and environment friendly low-temperature
hydrothermal route for large scale synthesis of flower-like ZnO
structures using PEG as a capping agent. The as-prepared
ZnO structures are composed of many nanosheets having
thickness ~10-25 nm. Such structures are expected to have a
high surface to volume ratio and stability against aggregation.
As expected, synthesized flower-like ZnO exhibits a strong
morphology induced photocatalytic activity towards photode-
gradation of methylene blue (MB) compared to their mono-
morphological ZnO powders of nanoparticles and nanosheets.
The present work not only gives insight into understanding the
growth behavior of complex ZnO nanostructures during hydro-
thermal synthesis but also sheds some light on the improve-
ment of the photocatalytic performance by designing the
assembly of materials.

2. Experimental
2.1. Chemicals

All the reagents used in the present investigation were of
analytical grade and used without further purification. Zinc
nitrate hexahydrate, zinc acetate, poly ethylene glycol (PEG-
400) and sodium hydroxide were purchased from Merk (India).
Methylene Blue was purchased from SdFine Chemical Co.
Double distilled water was used for preparation of all experi-
mental solutions.

2.2. Preparation of flower-like ZnO

In a typical procedure to synthesize flower-like ZnO, zinc
nitrate hexahydrate Zn(NO;),-6H;0, 0.1 g (0.3 mmol) was
dissolved in 20 ml PEG. To this well mixed solution, sodium
hydroxide (NaOH, 0.24 g (6 mmol) dissolved in 20 ml H,O
and 30 ml Ethanol) solution was dropwise added. The mixed
solution was sonicated for 15 min on ultrasonic bath and then
hydrothermally treated at 120 °C for 12 h, and then allowed to
cool to room temperature naturally. The final white precipitate
was separated by centrifuge, washed with distilled water and
absolute ethanol several times to remove the possible residues
and then dried at 60 °C for 12 h.

2.3. Characterization

The phase identification of the nanostructured ZnO powders
was done by X-ray diffraction (XRD) using a Rigaku Miniflex
X-ray diffractometer with CuKea irradiation at A=1.5406 A.
The surface morphology was investigated by Field Emission
Scanning Electron Microscope (FE-SEM) JEOL-JSM Model
6700 F field emission scanning electron microscope. The
photoluminescence spectra of aqueous suspension of ZnO
were recorded on F-2500 Fluorescence spectrophotometer.
For PL measurement, the samples' water suspensions were
excited at the wavelength of 340 nm. UV-visible absorption
spectra of an aqueous suspension of ZnO products were
recorded on JASCO V-570 spectrophotometer by transferring
an appropriate volume of ZnO suspension to quartz cuvette.
The spectral changes in concentration of MB during photo-
catalytic degradation were also studied using the same spectro-
photometer. FTIR spectra of as-prepared purified ZnO powders
were recorded using KBr pellets on a Perkin-Elmer 1090
spectrometer.

2.4. Photocatalytic activity measurements

The photocatalytic activity experiments on the as-prepared
7ZnO products for the degradation of MB were performed at
ambient temperature. A Pyrex beaker (250 mL) was used as the
photoreactor. ZnO products as catalyst (50 mg) were added in
the aqueous methylene blue solution (C;¢H;gCIN3S;-3H,0)
5.0x 1073 M, 100 mL), and the solution was magnetically
stirred in the dark for 1 h to reach the adsorption equilibrium of
MB with the catalyst and then exposed to sunlight. At given
irradiation time intervals, a series of aqueous solutions in a certain
volume were collected and centrifuged to remove the catalysts
and were then analyzed by a spectrophotometer. The concentra-
tion of methylene blue was determined by monitoring the
changes in the main absorbance centered at 663 nm.

3. Results and discussion
3.1. Morphology and structure

The morphologies and phases of as-synthesized ZnO were
examined by using FE-SEM and XRD techniques. Fig. 1
shows FE-SEM and XRD patterns of as-prepared ZnO
product. The morphology (Fig. la) shows systematic emer-
gence of well-defined three dimensional (3D) flower-like
ZnO structures having diameters in the range of 1-2 pm.
A magnified FE-SEM image presented in Fig. 1b shows that
the flower-like structures are assembled by many densely
arranged nanosheets as “petals”. A close-up view of the nano-
sheets-built flowers in Fig. lc reveals that these nanosheets
have thickness of 10-25 nm and are grown upward from center
to form many groves. Such 3D nanostructures can have the
ability to improve the chemical properties or serve as transport
paths for small molecules. Fig. 1d shows the XRD pattern of
as-synthesized flower-like ZnO sample. The diffraction peaks
at 20=31.8, 34.5, 36.4, 47.5, 57.1, 63.2, 66.7, 67.8, 69, 72.6,
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Fig. 1. FE-SEM images and XRD pattern of ZnO prepared by hydrothermal route with PEG and 0.3 mmol Zn(NOs), and 6.0 mmol of NaOH at 120 °C for 12 h:

(a—) FE-SEM image; (d) XRD pattern.

and 76.8° match with the wurtzite hexagonal ZnO having
lattice constants of a and ¢ equal to 3.25 and 5.21 A,
respectively (JCPDS file no. 36-1451). It may be noted that
no peak corresponding to impurities, such as zinc hydroxide
was observed in the XRD pattern indicating formation of
pristine ZnO. Moreover, comparatively more intense peak for
the (101) plane suggests the anisotropic growth of the zinc
oxide material.

The as-synthesized flower-like ZnO was further character-
ized by using photoluminescence spectroscopy. The PL
spectrum of ZnO consists of three emission bands, a near-
band-edge (UV) emission and two broad deep-level (visible)
emissions. The visible emission is usually considered to be
related to various intrinsic defects produced during preparation
and post treatment. Normally these defects are located on the
surface of ZnO structure. Fig. 2 presents PL spectrum of as-
synthesized flower-like ZnO product excited at 225 nm UV
light from a He—Cd laser. It shows a UV emission peak at
395 nm (~3.13eV) and a green emission peak at 460 nm
(~2.69 eV). The emission at 395 nm corresponds to the near
band-edge emission resulting from recombination of free
excitons whereas a weak emission peak at 460 nm can be
attributed to electron transition mediated by defect levels in
band gap. It may be noted that the usually observed defect
related to deep level emissions were nearly missing in our
sample, indicating formation of high optical quality ZnO.

Raman spectroscopy is performed to study the degree of
crystallization of as-synthesized flower-like ZnO. Fig. 3 shows
Raman spectra of ZnO sample in the range of 200-800 nm.
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Fig. 2. PL spectrum of ZnO product prepared by hydrothermal route with
0.3 mmol Zn(NOj), and 6.0 mmol of NaOH at 120 °C for 12 h.

ZnO with wurtzite structure belongs to the C6V 4 space group.
At the I" point of Brillouin zone, optical phonons have the
following irreducible representation: I'yp = A1+2B1+E1+2E2
[36]. Among these, Al and E1 modes are polar and can be
split into transverse (TO) and longitudinal optical (LO) com-
ponents, with all being Raman and infrared active. For the
as-synthesized flower-like ZnO the vibration peaks can be
clearly observed at 203, 332, 436, 548, and 707 cm ! (Fig. 3).
Among these peaks, the strongest one, centered at about
436 cm ™! is characteristic of the high-frequency E2 mode of
wurtzite structure. The peak at 548 cm ™' corresponds to LO
phonon of Al and El1, respectively. Besides these “classical”
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Fig. 3. Raman spectrum of ZnO prepared by hydrothermal route with
0.3 mmol Zn(NOj3), and 6.0 mmol of NaOH at 120 °C for 12 h.

Raman modes, the Raman spectrum also shows other modes
with frequencies of 203, 332, and 707 cm ™ ! These additional
peaks cannot be explained within the framework of bulk single
phonon modes and are attributed to the multiphonon scattering
processes [37].

3.2. Formation of flower-like ZnO

As a polar crystal, ZnO structure consists of hexagonally
close-packed oxygen and zinc atoms. It has several main
crystal planes, top tetrahedron corner-exposed polar zinc
(0001) plane, six symmetric nonpolar {10-10} planes parallel
to the [0001] direction, and a basal polar oxygen (000-1)
plane. Normally, for ZnO, the highest surface energy of the
(0001) plane promotes the growth along c-axis, and results in
the familiar 1D nanostructures (nanowires, nanorods, and
nanotubes) in which the relative surface area of the {0001}
plane is very low. In our present case, the flower-like ZnO
structures have been demonstrated to be able to fabricate by a
simple surfactant (PEG)-assisted hydrothermal route. It may be
noted that the 3-D ZnO architectures are organized by the 2-D
nanosheets, which are different from some previous studies
mainly focused on nanorods as the nanobuilding blocks
[38,39].

A series of experiments were performed to understand
formation of hierarchical flower-like ZnO. To find the role of
PEG on morphology of ZnO nanostructures we performed
the experiment in absence of PEG while keeping all other
experimental conditions unchanged. Fig. 4a displays FE-SEM
image of ZnO prepared without PEG. These are irregular small
sheet-like structures having length in the range of 0.2-0.5 pm
show tendency to cling together in irregular manner, which
suggests significant role of PEG as an assembling agent. The
inset of Fig. 4a shows corresponding XRD pattern of this ZnO
exhibiting preferential growth orientation along the [0001]
plane. The close observation of XRD spectrum of ZnO
synthesized with and without PEG indicates that the amount
of PEG has influence on the preferential growth orientation of
ZnO. As shown in Fig. 4b the intensity ratio of (10-10)/(0002)
evidently decreases for the sample prepared without PEG,
which is 1.24 for flower-like ZnO nanostructures and reduced

to 1.18 for the irregularly shaped ZnO prepared without PEG.
These FE-SEM and XRD results illustrate significant effect of
PEG on the morphology and crystal orientation. As evident,
the growth habit of crystals is related to the growth rate of
various crystal faces bounding the crystal, which is affected by
intrinsic crystal structure and external conditions including the
kinetic energy barrier, temperature, time and capping mole-
cules and so on. PEG is known to be an important capping
molecule which can bind to the positively charged Zn*" ter-
minated (0001) polar plane more strongly than to other non-
polar surfaces due to coulombic force. Such anisotropy would
certainly slow down crystal growth along [0001] direction.
From the kinetic viewpoint the fastest growing planes will
disappear to leave behind the slowest growing planes as the
crystal facets. Thus, it is comprehensible that along with the
use of PEG, the orientation of ZnO product has changed from
(0001) to (10-10). Accordingly, the morphology has shaped
into nanosheets built microflowers.

In addition to this, experiments were carried out to study
influences of concentrations of Zn>* and OH ™~ on morphology
of ZnO. Fig. 5(a,b) shows FE-SEM image of ZnO sample
obtained from the reaction of 0.6 mmol Zn(NOs), and 3 mmol
of NaOH, with other experimental conditions unchanged. It
can be seen from the figure that the ZnO consists of vesicles
with rough surfaces. Whereas, the reaction carried out with
0.15 mmol of Zn(NOs3), and 6 mmol of NaOH yielded nonuni-
form nanosheets having lengths in the range 200-500 nm
(Fig. 5c,d). These results indicate that the concentrations of
Zn** and OH ™~ are the key parameters for formation of well-
shaped flower-like ZnO structures. Moreover, to study the
effect of zinc source on morphology of ZnO, another experi-
ment with zinc acetate as a starting material was carried out.
Fig. 5(e,f) represents morpholgy of as-obtained product. It can
be seen from figure that the use of zinc acetate instead of zinc
nitrate significantly affects the flower-like morphology and
results into formation of oval/spherical nest-like product.

Finally, in order to understand the formation of ZnO
microflowers, a time dependent morphology evolution was
examined by FE-SEM. Fig. 6 shows FE-SEM images of
samples obtained at different reaction stages (3h, 6 h and
9 h) of hydrothermal process. As shown in Fig. 6a, the 3 h
reaction resulted in undeveloped part of flower-like ZnO which
consists of some loose nanosheets with tiny nanoparticles on
their surfaces, which might serve as the growing units for other
nanosheets. Fig. 6b is the FE-SEM view of sample collected
after 6 h of reaction; it shows co-existence of nanosheets and
flower-like structures. The sample obtained after 9 h reaction
(Fig. 6¢) is composed of nearly flower-like ZnO nanostructure
with larger size at the expense of nanosheets. As the reaction
proceeds, eventually no nanosheets existed and the sample is
composed of perfect flower-like 3D nanostructure. The mor-
phology and size of ZnO remains unchanged even after 12 h of
hydrothermal treatment (Fig. 6d). This tends to suggest that the
process begins with formation of large number of nanosheets
with their (0001) surface capped by PEG, further; the
nanosheets undergo systematic attachment resulting into the
formation of hierarchical ZnO nanostructure.
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Fig. 4. (a) FE-SEM image of ZnO prepared by hydrothermal route without PEG using 0.3 mmol Zn(NO;), and 6.0 mmol of NaOH at 120 °C for 12h
( corresponding XRD pattern in the inset); (b) Plot of the (10-10)/(0002) intensity ratio for the samples prepared with and without PEG.

Fig. 5. (a) FE-SEM images of ZnO prepared by PEG assisted hydrothermal route using different amounts of Zn(NO3), and NaOH: (a) 0.6 mmol of Zn(NOs), and
2.0 mmol of NaOH (b) 0.15 mmol of Zn(NOs), and 6.0 mmol of NaOH. (c,d) FE-SEM image of the product prepared with Zn(OAc), instead of Zn(NOj3), at
120 °C for 12 h (6.0 mmol of NaOH).

Based on the above discussion, possible growth mechanism for ~ developed crystal faces of ZnO evince positively charged polar
the formation of flower-like ZnO can be explained by considering (0001)-Zn surfaces, six symmetric nonpolar (1010) planes of the
the wurtzite structure of ZnO. ZnO has a hexagonal wurtzite side facets and negatively charged (0001)-O polar surfaces [38].
structure consisting of planes of tetrahedrally coordinated O*~ and The crystal growth rate in different directions generally follows the
Zn** ions, mounted alternately along the polar c-axis. The well ~ order [0001] > [1010]>[1011] > [1011]> [0001] [39]. During
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Fig. 6. (a) FE-SEM images of ZnO obtained after different reaction time at 120 °C in PEG assisted hydrothermal reaction with 0.3 mmol of Zn(NOj3), and

6.0 mmol of NaOH: (a) 3 h, (b) 6 h, (c) 9h and (d) 12 h.

the course of reaction, zinc acetate produces Zn?* cation
which readily reacts with OH™ anions forming the basic
growth unit [Zn(OH)4]> . These [Zn(OH)4]>~ ions then
decompose to generate ZnO molecular species according to
following reactions.

Zn*" + OH™ —[Zn(OH),*~ (1)

[Zn(OH),]*~ - ZnO + H,0 4 20H" )

Addition of NaOH solution results into a white precipitate of
insoluble Zn(OH), which later becomes a clear solution of [Zn
(OH),* . Increasing the OH- content helps to make solu-
tion clearer and ease the formation of ZnO [40]. 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 none-
quillibrium kinetic growth conditions in the solution based
approach [41,42]. For the formation of flower type ZnO
architecture, 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 that
during the PEG assisted hydrothermal synthesis, the capping
agent (PEG) plays an important role in the formation of the
observed hierarchical nanostructures. During synthesis, PEG
molecules 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 preferen-
tially grow along the (0110) direction with lagging {0001}
direction within the (2110) plane resulting into formation of

nanosheets on the lateral surface. Moreover, there also exist
some outshoots on the growing nanosheets which grow and
lead to the formation of secondary branched nanosheets with
terminated (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-like ZnO architecture. The
overall schematic illustration of the formation of flower-like
nanostructure is depicted in Fig. 7.

3.3. Photocatalytic activity

It is well established that ZnO has been used as a
semiconductor photocatalyst for the photoreductive dehalo-
genation of halogenated phenol/benzene derivatives and the
photocatalytic degradation of organic compounds. Obviously,
the as-synthesized ZnO nanoarchitectures reported here should
show a higher photocatalytic activity because of its special
structure. A proof-of-concept demonstration of the structure-
induced enhancement of photocatalytic performance of flower-
like ZnO was carried by sunlight-mediated degradation of
a well known Methylene Blue (MB) dye. Fig. 8 shows the UV-
visible spectra changes of a MB dye aqueous solution (initial
concentration: 5.0 x 107> M, 100 mL) with 50 mg of the as-
prepared flower-like ZnO powder under sunlight irradiation for
different durations. The main absorption peak centered at
664 nm corresponding to MB molecules, decreases rapidly with
extension of irradiation time and completely disappears after
70 min. Further exposure leads to no absorption peak in the
whole spectrum indicating the total decomposition of MB dye.
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flower-like ZnO (50 mg) under sunlight irradiation and corresponding color
changes in initial solution at 15, 30, 50 and 70 mins of photodegradation
reaction.

A series of color changes in the sample is shown in inset of
Fig. 8, corresponding to the sequential changes of absorption
measurements at initial, 15, 30, 50 and 70 min of reaction. It
makes clear that the intense blue color of starting solution
gradually disappears with increasing sunlight irradiation time.
Further to demonstrate the structure-induced enhancement of
photocatalytic performance of flower-like ZnO, experiments
were performed using other nanostructured ZnO powders
(vesicular, sheet-like and nest-like). A controlled experiment

=]

c/C

0.0 T T T T T T
0 20 40 60 80 100 120

Time (min)

Fig. 9. Plot of the MB normalized concentration (from the optical absorbance
measurements at 664 nm) in the solution (100 mL) with different catalysts
(50 mg) versus irradiation time. Initial MB concentration: 5 x 107> M. (a)
without any catalyst (b) sheet-like ZnO (c) spherical ZnO (d) nest-like ZnO and
(e) flower-like ZnO.

without use of any catalyst, keeping all other parameters
unchanged, was also performed. The results are shown in
Fig. 9, which corresponds to normalized concentrations of
MB solution versus irradiation time from the optical absorbance
measurements at 664 nm. In absence of any catalyst only a slow
and negligible decrease in the concentration of MB was detected
(curve a, Fig. 9). The addition of catalysts leads to a significant
degradation of MB which is also seen to be dependent on the
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morphology. The activity increases in turn for the nanostruc-
tured ZnO powders: sheet-like (curve b), vesicular (curve c),
nest-like (curve d) and flower-like (curve e). Flower-like ZnO
possesses a highest catalytic activity compared to its other
counterparts and degraded the MB dye aqueous solution to 98%
after 70 min of sunlight irradiation. In addition to this, to
evaluate the durability of photocatalytic activity, experiments
were carried by re-using the catalyst in fresh MB solution under
sunlight irradiation. Fig. 10 shows photodegradation results for
three consecutive cycles using vesicular, sheet-like, nest-like
and flower-like ZnO nanostructures. The figure clearly indicates
that flower-like ZnO exhibits best durability even after the third
cycle and is more stable compared to other ZnO nanostructures.

The photocatalytic superiority of flower-like ZnO over the
other nanostructured ZnO can be attributed to their special
structural features. In terms of the well explored mechanism
for photocatalytic degradation of organic dye, which occurs by
an indirect pathway involving hydroxyl radicals as the oxidiz-
ing intermediate as flows:

ZnO + ho —>ZHO(€CB_ + hv3+) (3)
H,O0 + hygy™ —H' + OH 4)
Dye molecule + OH — Oxidation products (5)

Under sunlight irradiation, the conduction band electrons (ecp)
and valence-band holes (hyy) are generated on the surface of
Zn0O. The holes can react with water adhering to surfaces of
ZnO to form highly reactive hydroxyl radicals (OH) which are
responsible for degradation of organic dye. The origins of
photocatalytic superiority of flower-like ZnO nanostructures
can be attributed to the presence of numerous nanosheets gene-
rating a large specific area. The individual component and
nanosheets built large interspaces leading to the enhancement
in MB dye adsorption, transportation and light harvesting.
In addition to this, the nanosheets of flower-like ZnO have
very small thickness of 10-25 nm which is close to the regime
where quantum size effect is prominent. The size quantized
nanosheets would promote the charge-transfer in the materials.
The increase in charge transfer rates drastically reduces the
direct recombination of the photogenerated electron/hole pairs
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Fig. 10. Comparision of photodegradation performance within three cycles
(1: Original, 2: first recycled, 3: second recycled) for different ZnO catalysts.

[43], which is essential to enhance the photocatalytic efficiency
in the degradation of dye molecule. Thus, as stated above,
excellent photocatalytic performance of flower-like ZnO along
with competitive photoactivity of nest-like ZnO nanostructures
is obtained. In comparison, the ZnO having sheet-like and
vesicular morphology lacks the above-mentioned structural
advantage and thus probably have inferior photocatalytic acti-
vity in photodegradation of MB dye. A more detailed under-
standing of the photocatalytic activity of flower-like ZnO
nanostructures is in progress.

4. Conclusion

In summary, a novel hierarchical flower-like ZnO nanos-
tructures built by nanosheets has been synthesized at large
scale through a simple and economical PEG assisted hydro-
thermal method. The nanosheets have a very small thickness in
the range of 10-25 nm. These ultrathin nanosheets interlace
each other and assemble into the flower-like ZnO nanostruc-
tures. The flower-like ZnO demonstrates strong structurally
enhanced photocatalytic activity as compared with the other
nanostructured ZnO having nest-like, sheet-like and vesicular
morphology. These hierarchical ZnO flowers are also expected
to be useful for other applications such as dye-sensitized solar
cells and gas sensing. Moreover, the present work further hints
that this facile route can be easily extended to synthesize other
metal-oxides with novel and hierarchical nanostructure.
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