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a b s t r a c t

Zn2SnO4 with novel octahedron structures have been successfully synthesized on a large scale by apply-
ing surfactant hexadecyl trimethyl ammonium bromide (CTAB) throughout controllable hydrothermal
reaction. X-ray diffraction (XRD), scanning electron microcopy (SEM), transmission electron microscopy
(TEM), and high-resolution transmission electron microscopy (HRTEM) were used to characterize the
final products. The results have revealed that three-dimensional (3D) Zn2SnO4 octahedrons were assem-
bled with numerous intercrossed hexagon nanoplates with a mean edge length of 300 nm and an average
emiconductors
rystal growth
ptical properties

thickness of 50 nm. Based on the time-dependent experimental results, the growth mechanism has been
thoroughly investigated. The morphology of as-prepared octahedrons evolved from cubes with branched
structures on their surfaces to octahedrons assembled with hexagon nanoplates, indicating that the
process of crystal growth was controlled by a crystallization–dissolution–recrystallization growth mech-
anism. More importantly, we found that CTAB played a key role during the total formation process of
as-obtained Zn SnO octahedrons. UV–vis spectroscopy was further employed to estimate the band gap

micr

2 4

energy of the octahedron

. Introduction

It is well known that there is a strong correlation between the
hemicophysical properties and the shape, size, and structure of
aterials. As a result, design and synthesis of novel nano- and
icrostructured materials have been intensively attracted not only

or their significance in basic scientific research but also for var-
ous potential applications in fields such as catalysis, biological
abeling, sensor and hydrogen storage [1–4]. In particular, three-
imensional (3D) nano- and microstructures with well controlled
orphology and architecture have been a hot research topic in

ecent years [5,6]. Hydrothermal synthesis, as a well-known tra-
itional wet chemical process, is a promising method for direct
reparation of advanced nanostructures because of its advantages
uch as operational simplicity, cost-efficiency, and the capability
or large-scale production. In terms of the reaction, the chemico-
hysical parameters of the system, such as temperature, reaction
uration time, concentration of alkaline, and surfactants can be
aried easily to control the kinetics and thermodynamics in the

ucleation and growth of nanocrystals [7]. Recently, this facile wet
hemical route has been widely employed to prepare various novel
anostructures.
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As an important semiconductor material with a typical inverse
spinel structure and a band gap of 3.6 eV, Zn2SnO4 (ZTO) has
gained much more attention. ZTO has promising applications
in photovoltaic devices, combustible gases and humidity detec-
tion, photo-electrochemistry, functional coatings, and transparent
conducting electrodes owing to its good electron mobility, high-
electrical conductivity, and low visible absorption [8–13]. Recently,
such potential applications as electrode material for Li-ion batter-
ies and dye-sensitized solar cells (DSSCs) have been demonstrated
[12,14–16]. In the literatures, ZTO has been prepared via ther-
mal evaporation [7], high-temperature calcinations [17,18], sol–gel
synthesis [10], ball-milling [19], chemical vapor deposition [20],
radio frequency magnetron sputtering [13,21], hydrothermal reac-
tion [12,22–24] and thermal plasma [25]. However, it is difficult
to obtain a single phase of ZTO by conventional solid-state reac-
tion. Aimed to gain pure, uniform, and well-crystallized products,
hydrothermal method is considered to be a feasible method to syn-
thesize ZTO materials compared to traditional ways. Fang et al.
[22] synthesized ZTO under hydrothermal conditions for the first
time, who reported several experimental parameters for the effect
of phase formation. Recently, ZTO was synthesized by the reac-
tion of inorganic salt with concentrated aqueous sodium hydroxide,

ammonia, or hydrazine hydrate solution under hydrothermal con-
ditions, obtaining cube-shaped, spherical, rodlike ZTO nanocrystals
[14,15,23,26]. To the best of our knowledge, no reports on the
preparation of hierarchically microstructured ZTO octahedron
assembled by nanoplates via a facile hydrothermal route have been
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Fig. 1. XRD result of the as-obtained octahedron microstructures assembled with
h

F
S

exagon nanoplates.

ig. 2. (a) Low-magnification and (b) high-magnification SEM images of the as-obtained
EM image of several nanoplates. (e) TEM image and the corresponding SAED of nanopla
pounds 503 (2010) L21–L25

published. In this study, we report for the first time the hydrother-
mal synthesis of ZTO with uniform hierarchical microstructures at
200 ◦C in the presence of hexadecyl trimethyl ammonium bromide
(CTAB). The as-grown octahedrons were comprised of numer-
ous intercrossed hexagon nanoplates with a mean edge length of
300 nm and a mean thickness of 50 nm. It is noticeable that the cap-
ping ligand CTAB is a crucial factor to shape octahedrons ZTO. No
octahedron structures can be obtained in the absence of CTAB. Fur-
thermore, the band gap energy of the microstructure is determined
to be 3.6 eV by optical absorption.

2. Experimental

2.1. Preparation of octahedron Zn2SnO4

All the chemicals are of analytical grade without further treatments. In a
typical procedure, CTAB (0.16 g), SnCl4·5H2O (0.025 M) and ZnSO4·7H2O (0.05 M)
were dissolved with distilled water respectively, and then the obtained solutions

were adequately mixed together. Acting as a mineralizer, NaOH solution (1 M)
was dropped to the above solution to form a white precipitation mixture. After
a few minutes of magnetic stirring, the mixture was transferred into a Teflon-
lined stainless-steel autoclave (100 ml), kept at a temperature of 200 ◦C in an
electric oven for different time, and allowed to cool to room temperature natu-
rally. The product was collected, washed with several times by absolute alcohol

hierarchical octahedron microstructures. (c) SEM image of single octahedron. (d)
tes assembled with octahedron. (f) HTEM image of the nanoplate.
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To investigate the growth mechanism of such octahedron
ig. 3. XRD results of as-obtained products at different reaction time of (a) 2 h, (b)
h, (c) 6 h, and (d) 20 h.

nd distilled water, and finally dried in a vacuum at 60 ◦C for 5 h before the fur-
her characterizations. To investigate the intermediates of the octahedron Zn2SnO4,
he synthesis was stopped at different stages during the total synthesis pro-
ess.

.2. Sample characterizations

The morphology of the as-prepared product was characterized by field-emission
canning electron microscopy (FESEM, JEOL, JSM-6700F). The crystalline structure
f the product was analyzed by an X-ray diffractometer (XRD, Y-2000) with Cu K�
adiation (� = 1.5418 Å) at a scan rate of 0.04◦ s−1. Transmission electron microscopy

TEM) and high-resolution transmission electron microscopy (HRTEM) observations
ere carried out on a JEOL JEM-2010 instrument in bright field. Room-temperature
V–vis absorption spectrum was recorded on a UV-2550 spectrophotometer in the
avelength range of 300–800 nm.

Fig. 4. SEM images of as-obtained products at different r
pounds 503 (2010) L21–L25 L23

3. Results and discussion

3.1. Characterization of Zn2SnO4 octahedron microstructures

XRD pattern of the as-obtained octahedron Zn2SnO4 is shown
in Fig. 1. All diffraction peaks are consistent with the JCPDS (74-
2184) data of the pure spinel Zn2SnO4 with a lattice parameter of
0.8650 nm. The peaks correspond to an inverse spinel structure,
where all Sn4+ atoms are octahedrally coordinated, while half of
the Zn2+ atoms are distributed in tetrahedral coordination and the
other half in octahedral coordination [27]. No peaks originating
from impurities are observed.

SEM and TEM were employed in the characterization of ZTO.
Fig. 2a is the low-magnification SEM image of the as-obtained prod-
uct, indicating a high yield of these microstructures. As can be seen
in Fig. 2b, a number of octahedrons with an average diameter of
2–4 �m are clearly observed. From Fig. 2c, a detailed observation
of a single octahedron shows that these octahedrons are composed
of numerous nanoplates. It is noteworthy that these nanoplates
almost vertically stand on the octahedron’s surface and alternately
connect with each other to form networks. As displayed in Fig. 3d,
the nanoplates which have a mean edge length of 300 nm and a
mean thickness of 50 nm are densely interconnected. Fig. 3e shows
typical TEM image of several nanoplates from the octahedron and
the inset manifests the SAED pattern, which exhibits a regular and
clear hexagon spot array, indicating high single-crystalline quality
of as-prepared ZTO. From HRTEM image in Fig. 3f, the lattice inter-
planar spacing is measured to be about 0.25 nm, corresponding to
the (2 2 2) plane of the microstructure in the XRD result.

3.2. Growth mechanism
microstructure, several experiments at different reaction time were
carried out. Through the time-dependent experiments, we could
clearly observe the evolution of structure and morphology of ZTO.

eaction time of (a) 2 h, (b) 4 h, (c) 6 h and (d) 20 h.
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Fig. 5. (a) Low-magnification and (b) high-magnification SEM im

Fig. 3 shows the XRD patterns of the as-obtained samples within
ifferent reaction time. Undergoing a hydrothermal treatment for
short while, ZnSn(OH)6 phase coexists with ZTO phase. When the

eaction time sustains 2 h, only ZnSn(OH)6 phase could be shown
n the XRD pattern. After 4 h, the ZnSn(OH)6 diminishes gradu-
lly compared to the samples with the reaction time of 2 h, and
ome weak diffraction peaks of ZTO appear. When the reaction
ime increased to 6 h or even longer, all the peaks of ZTO could
e obviously observed. It is obvious that the intensity of ZTO peaks

ncreased with reaction time. After 20 h, we find that the products
ompletely evolve from ZnSn(OH)6 to ZTO phase. The results of
RD patterns with different reaction time display the crystalliza-
ion state of the prepared products. It would assist us to observe
he growing process of the ZTO.

To understand how the ZTO hierarchical microstructures are
ormed, the time-dependent morphological evolution process has
een examined by SEM. Representative SEM images of different

Fig. 6. (a) UV–vis diffuse reflectance spectra and (b) (˛Ephoton)2 ∼ E
. (c) XRD result of the product obtained in the absence of CTAB.

reaction time are shown in Fig. 4. After reaction for 1 h, many cubes
with rough surface are observed, as shown in Fig. 4a. We can see
some protuberances on the surface of the cubes. With the reac-
tion time up to 4 h, we can find some octahedrons assembled with
nanoplates and nanoparticles (black arrow) besides cubes with pro-
tuberances (Fig. 4b). As the reaction time increases to 6 h, all cubic
ZnSn(OH)6 turns into octahedral ZTO, which is assembled with
nanoplates and nanoparticles (Fig. 4c). When the reaction time is
up to 20 h, a significant change could be observed in the morphol-
ogy of the ZTO microstructures. The products have evolved from
cubes with rough surfaces into a complex micro/nanoarchitecture.
We obtained uniform and pure octahedron with delicate surface

structure (Fig. 4d). On the basis of the time-dependent experi-
ments, it has been suggested that the formation of octahedron
ZTO microstructures may result from the crystal growth mech-
anism “crystallization–dissolution–recrystallization”. Under the
hydrothermal reactions, ZnSn(OH)6 nuclei quickly formed in the

photon curve of the octahedron ZTO in the presence of CTAB.
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olution, and hereafter the growth of the nuclei into cube-shaped
rystals went on. Then, secondary nucleation occurred on the edge
nd surfaces of these cube-shaped crystals. The rough surface
f the obtained ZnSn(OH)6 cubes at the beginning of reactions
s considered to be ascribed to the gradually dissolution of the
ube crystals because of the large solubility and metastability of
nSn(OH)6 compared to ZTO. The metastable intermediate phase
ecomposed and recrystallized to form ZTO nuclei according to the
dissolution–recrystalline” mechanism.

We further emphasize the importance of CTAB in the for-
ation of the novel octahedron ZTO microstructures. As shown

n Fig. 5a, without CTAB we cannot obtain any octahedron ZTO
icro/nanoarchitectures except for some bulk micro-particles. The
RD result of the product obtained in the absence of CTAB is
isplayed in Fig. 5c, from which a pure spinel ZTO can be identi-
ed. The experimental result has indicated that CTAB has played
n important role in the process of assembling octahedron ZTO
icrostructures and further research works would be done to

nvestigate the CTAB’s function in detail.
Diffuse reflectance spectroscopy is a useful tool to reveal

he energy structures and optical properties of semiconductor
anocrystal, and the migration of the light-induced electrons and
oles are the key factors to control photocatalytic reaction, which

s related to the electronic structure characteristics of the materi-
ls [28]. Fig. 6a shows the UV–visible diffuse reflectance spectrum
f as-prepared Zn2SnO4 powders. It can be seen that the octa-
edron Zn2SnO4 microstructure has a steep absorption edge in
isible range, indicating that the absorption relevant to the band
ap is due to the intrinsic transition of the semiconductors rather
han the transition from impurity levels. According to the equa-
ion ˛Ephoton = A(Ephoton − Eg)1/2 (where ˛, Ephoton, and Eg are the
bsorption coefficient, the discrete photon energy, and the bandgap
nergy, respectively; A is a constant) [29], a classical Tauc approach
s further employed to estimate the Eg of octahedron Zn2SnO4

icrostructures. The plot of (˛Ephoton)2 ∼ Ephoton based on the direct
ransition is shown in Fig. 6b. The extrapolated value (the straight
ine to the X-axis) of Ephoton at ˛ = 0 gives an absorption edge energy
orresponding to Eg = 3.6 eV. This value accords with the value of
ulk Zn2SnO4 (3.6 eV).

. Conclusions

In summary, novel Zn2SnO4 octahedrons assembled with
exagon nanoplates have been successfully synthesized by means

f hydrothermal method with the help of surfactant CTAB
or the first time. Our experimental results indicate that the
ormation of octahedron microstructures is dominated by a
rystallization–dissolution–recrystallization growth mechanism.
TAB plays important roles in the formation of well-defined

[

[
[
[

pounds 503 (2010) L21–L25 L25

microstructures. The experimental results suggest that three dif-
ferent growth stages are involved: (i) generation of primary
metastable intermediate phase cube-shaped ZnSn(OH)6; (ii) the
dissolution of cube-shaped ZnSn(OH)6 and formation of Zn2SnO4
nuclei; (iii) self-assembling Zn2SnO4 octahedron microstructures
composed of hexagon nanoplates. This method presents a way for
the controlled synthesis of multicomponent metal oxides.
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