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Abstract

ZnO with hierarchical microspheres and hexagonal prisms structures were successfully synthesized by hydrothermal microemulsion route.
Based on X-ray diffraction and scanning electron microscopy observation of the products at the different reaction time periods, the formation
mechanism of three-dimensional hierarchical ZnO microspheres was proposed. Ultraviolet and visible diffuse reflectance spectra indicated that
as-synthesized ZnO microspheres had enhanced absorption in both ultraviolet and visible light areas. The photocatalytic activities of as-
synthesized products were evaluated by monitoring the degradation of methylene blue solution. Due to the synergistic effects of the high
crystallization and special hierarchical structure, the hierarchical ZnO microsphere exhibited the highest photocatalytic activity.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In the past several decades, semiconductor-based photoca-
talyst has been widely used in wastewater treatment and
air purification since Fujishima and Honda discovered the
photocatalytic splitting of water on the TiO2 electrodes in 1972
[1]. Among various oxide semiconductor photocatalysts, ZnO
is recognized as an excellent material for photocatalytic
processes and has been intensively investigated due to its high
photosensitivity, nontoxic nature, large band gap and low cost
[2,3]. Because of the strong correlation between the morphol-
ogy, size, and structure of materials and their physical/
chemical properties, much attention has been paid to design
and prepare novel nano- and micro-structured materials [4].
Compared to mono-morphological structures, ZnO with three-
dimensional (3D) complex hierarchical structures have
been demonstrated to exhibit the enhanced photocatalytic
performance [5]. Up to now, ZnO with 3D hierarchical
structures have been successfully prepared via self-assembly
based on different driving mechanisms. For examples, hier-
archical flower-like C-doped ZnO superstructures assembled
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from porous nanosheets have been fabricated by pyrolysis
of morphology-analogous Zn5(CO3)2(OH)6 precursors [6].
Liu et al., have synthesized spherical ZnO superstructures
through a solvothermal method by adjusting synthetic para-
meters, i.e., synthetic basicity and temperature in the presence
of surfactant molecules [7]. Self-assembly 3D porous ZnO
nanostrip clusters have been prepared through a calcinating
hydroxide zinc carbonate precursor route [8].
However, despite all these remarkable achievements, it still

remains a great challenge for the controllable synthesis of
hierarchically self-assembled architectures with desired size
and morphology, especially by a simple and facile method.
Among various synthetic strategies, the hydrothermal micro-
emulsion method is a promising method for synthesizing ideal
ZnO materials with special morphology. The main advantage
of this method is low reaction temperature and short proces-
sing time that prevents agglomeration in the formed particles.
In the present study, we report an efficient microemulsion-
assisted hydrothermal method to synthesize ZnO hierarchical
microspheres. The possible formation mechanism of the super-
structures was put forward on the basis of a series of time-
dependent experiments. Photocatalytic activity of the ZnO with
different morphologies was evaluated through the degradation
of methylene blue (MB). Moreover, the intensive relationship
ghts reserved.
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between the microstructure and property of the obtained
products was also discussed.
2. Experimental

2.1. Materials and synthesis

All of the reactants and solvents were analytical grade and
used without any further purification. In a typical experimental
procedure, two identical solutions were separately prepared
by dissolving 2 g cetrimonium Bromide (CTAB) in 20 ml of
cyclohexane and 4 ml of n-hexanol. Then, 2 ml of 0.5 M zinc
acetate dihydrate and 2 ml of 0.25 M methenamine aqueous
solutions were added to the two solutions, respectively. After
vigorous stirring at room temperature for 30 min, the two
optically transparent microemulsion solutions were mixed
and stirred for another 30 min. The resulting microemulsion
was transferred into a Teflon-lined stainless-steel autoclave and
heated at 14 1C for appropriate time, followed by cooling to
room temperature naturally. White products were separated by
centrifugation and washed with deionized water and absolute
ethanol several times. Then, the obtained ZnO samples were
dried in vacuum at 50 1C for 12 h. The obtained ZnO samples
were denoted as Sample-1, Sample-2, Sample-3, Sample-4 and
Sample-5 when the reaction time was fixed for 1 h, 3 h, 6 h,
9 h and 14 h, respectively.

For comparison, ZnO with hexagonal prisms structures were
synthesized using the same procedure mentioned above but the
initial cosurfactant (n-hexanol) was replaced by n-butanol,
while the other experimental conditions were kept unchanged
[9]. The sample obtained for 14 h using n-butanol as cosur-
factant was denoted as Sample-6.
Fig. 1. XRD patterns of the samples.
2.2. Characterization

The crystal structure of the samples was determined by
X-ray diffraction (Bruker D8 Advance, Germany) using
graphite monochromated Cu Kα radiation (λ¼0.15418 nm)
operated at 40 kV and 30 mA at a scan rate of 2 1/min.
Morphologies of the samples were observed by scanning
electron microscopy (JEOL JSM-63901, Japan) with an
acceleration voltage of 25 kV. The Brunauer–Emmett–Teller
(BET) surface area was determined, in terms of the N2

adsorption on the power, using a volumetric adsorption
apparatus (NOVA Surface Area Analyzer Station A, USA).
Before the measurement, 0.1 g sample was outgassed under
vacuum at 120 1C for 10 h. The BET surface area was
determined by a multipoint BET method using the adsorption
data in the relative pressure (P/P0) range of 0.06–0.3. The pore
size distribution was determined by the Barrett–Joyner–Halen-
der (BJH) method using desorption branches. The optical
absorption spectra of samples were recorded by ultraviolet and
visible diffuse reflectance spectrophotometer (Cary5000 UV–
vis–NIR) using BaSO4 as a reference.
2.3. Photocatalytic test

The photocatalytic activities of as-prepared ZnO were
evaluated by photocatalytic degradation of MB solution. All
experiments were carried out in a photoreaction apparatus as
reported in our previous study [10]. A 300 W high-pressure
mercury lamp with the strongest emission at 365 nm was used
as light source. In all experiments, 0.1 g of photocatalyst was
added into 200 mL MB solution (50 mg L�1). Before illumi-
nation, the suspension was sonicated for 10 min and stirred
for 30 min in the dark to reach the adsorption–desorption
equilibrium. At specific time intervals, 5 ml of the sample was
withdrawn and centrifuged to separate the catalyst before
analysis. For the determination of the MB concentration,
ultraviolet and visible spectrophotometer was used at λmax of
664 nm.
3. Results and discussion

3.1. Structure, morphology and growth mechanism

Fig. 1 shows the X-ray diffraction (XRD) patters of samples.
All the diffraction peaks can be well indexed to the hexagonal
wurtzite ZnO (JCPDS card no. 36-1451). No peaks of
impurities can be observed indicating the high phase purity
of as-synthesized samples. Moreover, it can be seen from
Sample-1 to Sample-5 that the peak intensities steadily become
stronger and the width of the diffraction peaks become slightly
narrower with the prolonging of reaction time, indicating that
extending of the reaction time can be beneficial for the
formation and crystallization of ZnO microstructures. The
average crystallite sizes (D) were determined from the XRD
pattern using the Scherrer equation D¼0.9λ/β cos θ, where λ
was the X-ray wavelength, β was the full width at half
maximum (FWHM) of the diffraction line and θ was the
diffraction angle. The values of β and θ were taken from ZnO
(101) diffraction peak. The calculated crystallite sizes were 35,
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40, 43, 48, 59, and 62 nm for the ZnO samples, referred to as
Sample-1–Sample-6, correspondingly.

To understand the growth mechanism, samples prepared
for different hydrothermal time were observed by scanning
electron microscopy (SEM). As shown in Fig. 2A, in the initial
stage (1 h), the resulting products were irregular plate-like
structures. As the reaction was prolonged to 3 h (Fig. 2B),
as-prepared ZnO samples were composed of uniform sheet-
like architectures. As the reaction proceeded to 6 h (Fig. 2C),
the flower-like ZnO structures consisted of many nanosheets
were formed, but the superstructures were not very regular
and uniform. After hydrothermal treatment of 9 h (Fig. 2D),
more uniform flower-like structures were obtained. When the
reaction time was prolonged to 14 h (Fig. 2E), the spaces
among the intercrossed nanosheets of flower-like ZnO became
compact and the shape of the obtained samples changed to 3D
hierarchical microspheres. Clearly, as-synthesized ZnO micro-
spheres hold three levels of structure. The primary structure is
the layered crystal structure of ZnO. The secondary structure is
the nanosheet assembled from nanoplates. The tertiary struc-
ture is the self-assembled spherical structure from as-formed
Fig. 2. SEM images of the samples: (A) Sample-1, (B) Sample-2,
nanosheets. Interestingly, ZnO with regularly hexagonal
prisms structures (Fig. 2F) were obtained when n-butanol
was used as the cosurfactant.
On the basis of the aforementioned SEM observation, the

mechanism of spherical flower-like formation was proposed
through three stages, namely anisotropic crystal growth,
Ostwald ripening and self-assemble process. Initially, due
to the decomposition of zinc acetate dihydrate and methena-
mine at an elevated temperature, the concentrations of Zn2þ

and OH� increases correspondingly. When the degree of
supersaturation exceeds the critical value, ZnO nuclei start to
form. With the increasing number of the ZnO nuclei, those
nuclei begin to form small particles in the restricted water
pools of the microemulsion system. Then, nanoplates were
formed through the anisotropic growth of the small particles,
which was related to both the anisotropic crystal structure of
ZnO and the CTAB-involved solution conditions. The strong
chelation reaction of CTAB ions with the growth units of
[Zn(OH)4]

2� in the (001) plane might give rise to a suppres-
sion of crystal growth along the [001] axis and result in
a relative enhancement of crystal growth along the [100]
(C) Sample-3, (D) Sample-4, (E) Sample-5; and (F) Sample-6.



Fig. 3. UV–vis diffuse reflectance spectra of samples: (a) Sample-1,
(b) Sample-2, (c) Sample-3, (d) Sample-6, (e) Sample-4, and (f) Sample-5.

Fig. 4. N2 adsorption/desorption isotherms (A) and pore size distribution plots
and (B) of samples.
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direction [11]. As a result, the growth of nanoplates in the
presence of CTAB was more favorable. After 3 h reaction,
further crystal growth would lead to the formation of
nanosheets through the Ostwald ripening process, in which
smaller particles disappeared due to their high solubility and
crystallized to larger particles again. According to the thermo-
dynamics point of view, the surface energy of an individual
nanosheet was quite high because of its two main exposed
planes, and thus they tended to aggregate to decrease the
surface energy by reducing exposed areas. Because sphericity
has the minimal surface energy, driven by the minimization of
the interfacial energy, the formed nanosheets tend to self-
organize along three-dimensional directions to form the
spherical flower-like shape structures [12,13].

However, as shown in Fig. 2F, only hexagonal prisms were
obtained when n-hexanol was replaced by n-butanol. As we
know, the addition of cosurfactant has the influences on the
curvature of micelles, surfactant aggregates and the surfactant
film flexibility, which determines the growth of particles inside
the reverse micelle and controls the morphology of the final
nanocrystal [14–16]. It has been proven that the amount of
alcohol acting as cosurfactant, which is located in the
surfactant micelles, increases exponentially with the increase
of alcohol's carbon chain length [17]. Due to the longer carbon
chain than n-butanol, larger quantity of n-hexanol could locate
in the surfactant micelles and decrease the surfactant film
rigidity, which favors the anisotropic growth of ZnO crystals
and consequently results in the formation of hierarchical
structure [17,18]. When n-butanol was used as cosurfactant,
the increasing rigidity of surfactant film and the decreasing
steric hindrance might be beneficial for the orientated growth
of ZnO crystals and regularly hexagonal prisms structures were
formed finally. Obviously, more efforts should be paid to
revealing the formation mechanism of the morphology con-
trolled ZnO structures.

3.2. Physical properties

Ultraviolet and visible (UV–vis) diffuse reflectance spectra
of as-prepared ZnO are shown in Fig. 3. It could be seen that
absorption edges of all ZnO structures extended from the
ultraviolet to visible light region. The absorption at wave-
lengths less than 400 nm can be assigned to the intrinsic
band gap absorption of ZnO due to the electronic transitions
from the valence to the conduction band (O2p-Zn3d) [6].
This absorption in the visible region was attributed to the
transition from the ground state to a few defect related deep
states. Interestingly, Sample-5 exhibited an enhanced optical
absorption both in the ultraviolet and visible light region.
As reported by Zhang et al. [19], the shape and structure
greatly affect the optical absorption and band-gap energy of
semiconductors. The hierarchical organized structure of
Sample-5 is beneficial for the enhanced light absorption due
to multi-reflection of trapped incident light within the samples
[20]. Therefore, the optical path length for light transport
through the ZnO microspheres is longer, resulting in a greater
absorption capacity.
Fig. 4A shows the nitrogen adsorption/desorption isotherms
of as-prepared ZnO. As shown in Fig. 4A, all isotherms can
be categorized as type IV in the IUPAC classification with a
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distinct hysteresis loop, which is characteristic of porous
materials [21]. Moreover, the shape of the hysteresis loop is
of type H3, indicating narrow slit-shaped pores that are
generally associated with plate-like particles [6]. The porous
structures of as-prepared samples are further confirmed by
the corresponding pore-size distribution curves (Fig. 4B). As
revealed by SEM observation, the smaller pores may be
generated during the crystal growth process, while the larger
pores are ascribed to the space between the intercrossed ZnO
nanosheets [22]. As we know, the specific surface area
strongly depends on the particle size. Generally, the surface
area increases with the decreasing grain size. Based on BET
calculation, the specific surface areas were 50.7, 25.6, 22.7,
20.1, 16.8 and 8.6 m2/g for the ZnO samples, referred to as
Sample-1-Sample-6, respectively, which is consistent with
their increasing grain sizes.
3.3. Photocatalytic performance

The photocatalytic activities of ZnO synthesized with differ-
ent morphologies were examined by photocatalytic degradation
of MB under UV light irradiation. As shown in Fig. 5, ZnO with
different morphologies exhibit large differences in activities and
the photodegradation rates decrease in the following orders:
Sample-54Sample-64Sample-44Sample-34Sample-24
Sample-1. It is well known that the photocatalytic activity
closely interrelates with the surface area, grain size, morphol-
ogy, crystallization, the structure of photocatalyst, etc. Among
them the surface area and crystallization are the important
factors. Large specific surface area tends to expose more
coordination unsaturated sites on the surface of catalyst, and
more reactant can be absorbed onto the catalyst surface for
reaction, leading to a higher photocatalytic activity [23]. More-
over, for randomly generated charge carriers, the average
diffusion time from the bulk to the surface is given by τ¼r2/
π2D, where r is the grain radius and D is the diffusion
coefficient of the carrier [24]. If the grain radius decreases, it
will reduce the recombination opportunities of the photogener-
ated electron–hole pairs which could move effectively to the
Fig. 5. Photocatalytic degradation of MB by ZnO samples.
surface to degrade the absorbed MB molecules [25]. However,
in our cases, ZnO with relatively higher surface areas and
smaller grain size do not exhibit more impressive photocatalytic
activities, which is not consistent with the common considera-
tion. The possible explanation might be contributed to the
crystallization, which is an another important factor influencing
the photocatalytic activity [26]. A higher degree of crystallinity
means fewer defects within the lattice and is beneficial for the
transfer of photogenerated electron and holes. ZnO powders
with large surface area are usually associated lower crystal-
lization, which improve the recombination of photo-generated
electrons and holes and result in the poor photocatalytic activity
[27,28]. Therefore, due to the lower crystallization, ZnO
powders (Sample-1–Sample-4) with relatively higher surface
area exhibited the poor photocatalytic activity. Another impor-
tant reason for the high photocatalytic activity of Sample-5
should be attributed to the novel 3D hierarchical microspheres
superstructures. As shown in Fig. 2E, many pores with different
diameter sizes can be found among the nanoplates in the
hierarchical structures of Sample-5, which may serve as trans-
port paths for small molecules and consequently improve the
photocatalytic properties. Moreover, as shown in Fig. 3, the 3D
hierarchical structure of Sample-5 can enhance light harvesting
and utilize the light source more efficiently, which thus offers an
improved catalytic activity [20]. Therefore, the enhanced
photocatalytic activity of Sample-5 might be attributed to the
synergistic consequence of the high crystallization and special
3D hierarchical structure.

4. Conclusions

In summary, regularly 3D hierarchical ZnO microspheres
built from 2D nanosheets alignment have been successfully
obtained by hydrothermal microemulsion route. Various
morphologies of the ZnO, i.e., sheet-like, flower-like, micro-
spheres and hexagonal prisms, can be controlled by simply
changing the reaction time and the types of cosurfactants.
Based on a series of time-dependent experiments, the plausible
formation mechanism for the hierarchical ZnO microspheres
was proposed. The possible explanation for the highest activity
of hierarchical ZnO microspheres might be attributed to the
synergistic consequence of the high crystallization and special
3D hierarchical structure.
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