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Z
inc oxide (ZnO) is an important ma-
terial with diverse applications for its
wurtzite crystal structure with a wide

band gap of 3.37 eV.1�33 The intrinsic high
energy of the ((001) polar surface of ZnO
crystals leads to their fast growth along
Æ0001æ, and therefore 1D hexagonal ZnO
nanowires or nanorods exposed in (100)
and (110) nonpolar facets are generally
produced with different synthesis methods.
ZnO nanocrystals exposed in ((001) polar
planes are therefore desired highly for the
potential of further tailoring the functional-
ities of the materials and possibly enhan-
cing their performance in applications such
as sensors and catalysts. In contrast because
the surface energy of crystals can be tuned
by the external growth medium, single
crystals exposed in special planes could be
fabricated in wet chemical systems through
carefully adjusting growth parameters such
as temperature, solvents, and organic/
inorganic additives. ZnO mesocrystals with
stacked and layered superstructures ex-
posed in((001) polar surfaces, for instance,
can be produced by introducing organic
additives into wet chemical reactions for

inhibiting their growth rate along Æ0001æ.
Based in this technique, Liu and his co-
workers have made complex ZnO super-
structures after adding sodium citrate into
the hydrothermal growth system.34�38 He-
lically stacked ZnO columns composed of
thin layers exposed in ((001) polar planes
can grow on the surface of glass substrate.37

Single crystalline slices sandwiched in pre-
dominant ((001) polar surfaces can be
generated on the surface of glass sub-
strate by utilizing PEG additive in solution
synthesis.39 Organic dyes also inhibit the
growth of ZnO nanocrystals along their
Æ0001æ and lead to the formation of ZnO
films consisting of closely packed disks in-
cased in ((001) polar facets.40 Recently,
dense Æ0001æ oriented polycrystalline ZnO
films made by adding citrate into wet che-
mical reactions show excellent optical
properties.41 In particular, inorganic addi-
tives can result in the formation of thin films
consisting of ZnO crystals terminated with
(001) basal planes.42 However, most of the
ZnO supercrystals exposed in polar ((001)
facets have been grown on the surfaces of
substrates, and the ZnO slices sandwiched
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ABSTRACT ZnO twin-spheres topologically exposed in ((001) polar facets have

been successfully produced on a large scale. The fragmentary and hexagonal((001)

facets of ZnO tilt and assemble gradually for 8�12 generations to form supercrystals.

The surfactant effect on the formation of ZnO supercrystals reveals that their structure

stepwise evolves from prisms to dumbbells to twin-spheres exposed in((001) facets

and eventually to twin-spheres covered with dots. A hollow ring around a prism,

which connects two hemispheres of the supercrystals, is finally sealed inside each of

the twin-spheres. Based on the experimental observations, a stepwise self-assembly mechanism is proposed to understand the formation of the

supercrystals. It is also observed that the ZnO twin-spheres exhibit anisotropic blue emission in intensity attributed to their special surfaces exposed in

((001) facets. Novel devices could be designed and fabricated through carefully tailoring the microstructure of ZnO supercrystals.
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between their ((001) polar planes generally stack
closely to form mesocrystals for the dipole�dipole
interactions attributed to the polar surfaces terminated
with a Zn2þ plane and an O2� plane, respectively.
In addition to 1D and 2D crystals, 0D nano/

microspheres are also thought to be attractive materials
for applications such as drug delivery, sensors, photo-
nics, and solar cells.42�48 Compared to ZnOnanocrystals
in 1D and 2D, ZnO spheres are relatively rare in literature
for their intrinsic nature of anisotropic growth, and they
are usually composed of ZnO nanoparticles or nanopla-
telets in smaller sizes.46,49�54 For example, ZnO micro-
spheres composed of mesocrystalline layers were
synthesized by using poly(sodium 4-styrenesulfonate)
to direct the growth of ZnO crystals.53 The dipole�
dipole interaction between the ((001) polar surfaces
also play a crucial role in the formation of the meso-
crystalline ZnO spheres. The closely stacked ZnO me-
sostructures, however, could inevitably affect and pos-
sibly reduce their performances in applications related
to the higher energy of((001) facets. In particular, the
surface topography is one of the most important
topics substantially influencing the properties of
materials,47,55 and the shape of nanocrystals is there-
fore a relevant area of focus in materials science for its
diverse potentials in tailoring the functionalities of
materials associated with surface energy of specific
facets.24,56�58 However, to the best of our knowledge,
there is no report in literature concerned with the
growth of 0D ZnO supercrystals topologically exposed
in ((001) facets and their optical functionalities de-
pending on the special structures so far.
Driven by understanding and improving the func-

tionalities of materials related to their microstructures,
we have worked on constructing nanoarchitectures
with well-controlled structures for identifying the line-
ar answers to their properties.59�65 Recently, we have
successfully made 3D nanoarchitectures;porous
Co3O4 twin-spheres with a sea urchin-like structure
with an approach based on multistep splitting growth
from 1D nanorods.62 Hexagonal ZnO discs and rings
terminated with((001) facets at their top and bottom
surfaces, respectively, can be produced by adding
sodium bis(2-ethylhexyl) sulfosuccinate (AOT) into an
oil-in-water two-phase solution synthesis.66 Herein we
further harness the growth behaviors of 0D ZnO
crystals for producing ZnO twin-spheres with topolo-
gical surfaces exposed in ((001) facets. The effects of
surfactant and reaction time on the structures of ZnO
supercrystals have been carefully investigated to un-
derstand the formation of the twin-spheres. A series of
ZnO superstructures including prisms, dumbbells,
twin-spheres exposed in ((001) facets, and twin-
spheres covered with dots have been produced in
large scale by adjusting the molar ratio of AOT to
Zn2þ ions ranging from 8:1 to 0.5:1. It was found that
the growth of ZnO supercrystals starts from 1D prisms,

which act not only as seeds for growth, but also as
bridges to connect the two hemispheres of twin-
spheres. ZnO supercrystals exposed in ((001) facets
can be produced eventually, after growing for 8�12
generations and sealing a hollow ring inside each of
particles. Based on the experimental results, a stepwise
self-assembly mechanism is proposed to understand
the formation of ZnO twin-spheres topologically ex-
posed in ((001) facets. In particular, it was also found
that the ZnO twin-spheres show unique emission
behaviors;anisotropic blue emission in intensity cor-
responding to their two hemispheres, which could be
attributed to the polar surfaces of the two hemispheres
terminated with Zn2þ planes and O2� planes, respec-
tively. The anisotropic emission of as-prepared
ZnO supercrystals indicate that novel devices could
be designed and fabricated through tailoring the
microstructures of materials carefully.

RESULTS AND DISCUSSION

The ZnO twin-spheres were synthesized with a two-
phase solutionmethod involving (1) the preparation of
oil-in-water micromicelles, Zn(NO3)2/water/1-butanol,
with the help of AOT at molar ratio of AOT to Zn2þ at
2:1, and (2) the subsequent growth of ZnO super-
crystals in the micromicelles at 90 �C. The as-prepared
white powders were first characterized with X-ray dif-
fraction (XRD) to verify their composition (Figure 1a).
All of the diffraction peaks can be indexed as wurtzite
(hexagonal) ZnO phasewith lattice constants of a = b =
0.3249 nm, c= 0.5205 nm. The sharp reflection peaks of

Figure 1. XRD profiles of ZnO (a) twin-spheres exposed in
((001) facets and (b) prisms.
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the XRD pattern suggest that the ZnO products (JCPDS
Card No. 36-1451) are of highly crystalline. Compared
to diffraction peaks attributed to (100) facet in standard
diffraction pattern, the relative intensity of (001) plane
is enhanced in the XRD profile. This indicates the
higher concentration of (001) facets in the materials.
In comparison, the XRD profile (Figure 1b) of ZnO
prisms (field-emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM)
images, see Figures S1�3) synthesized at 7:1 molar
ratio of AOT to Zn2þ reveals that the relative intensity
of the diffraction peak attributed to (100) plane ismuch
higher than that of those aroused by (001) and (101)
facets. There is no other diffraction peaks detected,
which indicates that there is no impurity existing in the
final product (5% deviation).
Figure 2a�b shows typical lowmagnification FESEM

images of ZnO twin-spheres of ca. 5 and 8 μm in
diameters along their short and long axis, respectively.
The ZnO spheres produced by conducting the reaction
at 2:1 molar ratio of AOT to Zn2þ ions are pure and
uniform in size and are dominated by twin-spheres
with well-defined shape. Each of the twin-spheres
consists of two hemispheres with a concave groove

to join them together at their waists. The top views of
the twin-spheres (Figure 2c, Figure S4�5) reveal the
puzzle-like patterns on their surfaces;topological
surfaces covered with small facets of ca. 1 μm in
diameter. Figure 2d further highlights the surface
structure of the twin-sphere at higher magnification.
The fragmentary and hexagonal facets all link with one
another on the curved surface of the sphere. While the
size and shape of the hexagonal facets vary dramati-
cally, they connect and buckle together with bolts to
form topological patterns. Figure 2e�f and Figure S6
show side view of the ZnO twin-spheres. The hexago-
nal facets orient along the curved surfaces of the twin-
spheres gradually and merge at their waists. The small
facets, whichmatch exactly one another, self-assemble
closely to form ZnO twin-spheres with topological
surfaces. More microstructure details of the ZnO
twin-spheres can be revealed by TEM observation as
shown in Figure 3. While the dark and uniform contrast
of the twin-spheres (Figure 3a) resulted from their big
size implies that the spheres with topological surface
could be solid, more evidence to be presented later
indicate that there is a hollow ring buried inside each of
the supercrystals. The higher magnification TEM image

Figure 2. FESEM images of ZnO disc-twin-spheres with topological surfaces. (a, b) Lowmagnification images of the disc-twin-
spheres; (c) top view of one disc-twin-sphere and (d) its high magnification image highlighted in the white box in c; (e) side
view of one twin-sphere and (f) its high magnification image shown in the white box in e.

Figure 3. TEM images (a, b) of ZnOdisc-twin-spheres and theHRTEM image (c) of the disc-twin-sphere highlightedwithwhite
box in b.
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taken at the edge of the sphere further shows that the
sphere is coveredwith flat and smooth facets as shown
in Figure 3b. Kinks and steps (highlighted with white
arrows in Figure 3b), which closely adjoin the small
facets on the curved surface of the twin-spheres, can
be observed. Figure 3c shows high resolution TEM
(HRTEM) image of the twin-sphere taken at the location
highlighted with white box in Figure 3b. The lattice
spacing of 0.26 nm corresponds to the d-spacing of
(001) crystal planes of ZnO. The ZnO twin-spheres
have been incased in ((001) polar planes. The HRTEM
images (Figure S7) taken around a twin-sphere at
different locations further confirm that the hexagonal
facets on the surfaces of ZnO twin-spheres are ((001)
planes. A thin and amorphous layer of ca. 1 nm in
thickness, which could be aroused by the surface
protection of surfactant molecule, can be observed
on the surface of the spheres.
The cross-sectional image of one twin-sphere pre-

sented in Figure 4a�b can reveal the growth behaviors
of the ZnO supercrystals exposed in ((001) facets. It
can be observed clearly that the supercrystals are
composed of ZnO nanowedges closely attaching each
other and arranging in radial symmetry. A hollow ring
(arrow 1 in Figure 4b) around a prism (arrow 2 in
Figure 4b), which bridges the two hemispheres to-
gether, has been sealed inside the twin-sphere. The
side view of a ZnO twin-sphere (Figure 4c and Figures
S8�9) shows a deep pit around the waist of the twin-
sphere. The white lines on its surface highlight the
growth generations on the surfaces of the two topo-
logical hemispheres consisting of the twin-sphere. The
hexagonal facets tilt step-by-step to form hemispheres
with topological surfaces. While the dimension and
tilt angle of each generation of the facets vary, it is
interesting to find out that the hemispheres can be
generated after tilting for 8�11 generations. The
equators of hemispheres can be approached, after
the nanowedges self-assemble for ca. 5 generations.
We can thus estimate that each step of the facets tilts
for about 18� on average. Defects resulted from the
stress on the tilted facets can be observed on the
surface of the twin-spheres (Figure 2d and Figure S5).

The stepwise self-assembly growth of the ZnO
supercrystals can be verified clearly by one twin-sphere
opened at its central area as shown in Figure 5. A crater
of ca. 2 μm (Figure 5a�b) in diameter was dug out at
the waist of the twin-sphere. It can be observed that
there are two small pits of ca. 400 nm in diameter,
which are separated by a prism of ca. 500 nm in
diameter, in the crater. The results reveal undoubtedly
that hollow twin-spheres are produced: A hollow ring
has been sealed inside the twin-sphere around a prism.
The SEM images at higher magnification (Figure 5c�d)
of the crater show that ZnO nanowedges, which act as
nanosized building blocks, go from the prism at the
central area and self-assembly to form radial symmetry
inside the supercrystals. The self-assembled interior
structure of the supercrystals can be further revealed
by their cross-sectional view as shown in Figure S10.
The ZnO nanowedges meet at the waist of the super-
crystals, and therefore a hollow ring is sealed inside
each of them eventually.
In order to further understand the formation of the

topological twin-spheres, the effects of AOT surfactant
and reaction time on the microstructure of ZnO parti-
cles were investigated carefully. Figure 6 shows the
surfactant effect on the microstructure of the ZnO
particles, which clearly indicate that the formation of
the ZnO twin-spheres is strongly dependent on the
molar ratio of surfactant to Zn2þ ions. Conducting the
reaction at 8:1 molar ratio of AOT to Zn2þ ions can only
generate ZnO prisms (Figure 6a1�3) in the reaction.
In accompanying with lowering the amount of surfac-
tant in the reaction to 4:1, however, twin-spheres topo-
logically incased in (001) facets (Figure 6b1�3 and
Figure S11) can be produced on a large scale. However,
deep pits can be observed at the waists of most twin-
spheres produced at 4:1. In contrast, twin-spheres with
concave grooves at their waists as shown in Figure 2
and Figure 6c1�3 can be synthesized, after conducting
the reaction at a 2:1 molar ratio. The twin-spheres

Figure 4. (a,b) Cross-section and (c) side view of ZnO twin-
spheres produced at 4:1 molar ratio of AOT to Zn2þ ions.

Figure 5. Interior structure of a supercrystal opened at its
central area.
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(Figure 6c1�3) fabricated at 2:1 show much smoother
surfaces than those produced at a molar ratio of 4:1.
The experimental observations indicate that the

growth rate of ZnO crystals can be inhibited dramati-
cally, after adding more surfactant into the reaction
system. It is interesting to find out that the surface
structure of the twin-spheres further change from
hexagonal facets into small irregular particles of about
40 nm in diameter to get twin-spheres covered with
dots (Figure 6d1�3 and Figure S12), after further
reducing the amount of surfactant used in the reaction
to 1:1 molar ratio. When the reaction is conducted at a
0.5:1 molar ratio, only are ZnO particles with random
size and shape (Figure 6e1�3) generated, because
there is no efficient protection from the surfactant
during crystal growth. Apparently, a suitable amount
of AOT is critical to the formation of ZnO twin-spheres
exposed in ((001) facets, and the optimized molar
ratio of AOT to Zn2þ ions is in the range of 2:1 to 4:1.
The surfactant molecules, which can form micromi-
celles as nanoreactors to direct the formation of ZnO
twin-spheres with defined size and shape, may prefer
selectively binding onto the ((001) facets of ZnO

crystals.66 A thin and amorphous layer of ca. 1 nm in
thickness as shown in TEM image (Figure 3c), which
corresponds to the length of AOT molecule, clearly
shows the protection from the surfactant on the sur-
face of ((001) facets. ZnO twin-spheres exposed in
((001) facets can be therefore produced in the reac-
tion at a molar ratio ranging from 2:1 to 4:1. However,
more surfactant added into the reaction can lead to the
formation of ZnO prisms for dramatically reducing the
growth rate. ZnO prisms (Figure S1�3), dumbbells
(Figure S13�14), twin-spheres exposed in ((001)
facets (Figure 3, Figure S4�9 and Figure S11), and
twin-spheres covered with dots (Figure 6d1�3 and
Figure S12) can be produced on a large scale by
carefully adjusting the amount of surfactant used in
the synthesis. The dynamic growth of ZnO supercrys-
tals can also be revealed by reaction time effect on
their structure (Figure S15). TEM observation as shown
in Figure 7 can further verify the structure evolution of
ZnO supercrystals prepared at different molar ratios of
AOT to ZnO2þ ions. The ZnOdumbbell grows gradually
to form twin-spheres, and a ring around the prism can
be sealed finally inside each of the twin-spheres.

Figure 6. ZnO superstructures produced at molar ratio of AOT to Zn2þ from (a) 8:1 to (e) 1:0.5.

Figure 7. Structure evolution of ZnO twin-spheres prepared at different molar ratio of AOT to ZnO2þ ions. (a�c) Two
hemispheres bridged with a prism produced at 5:1; (d�f) twin-spheres closed at one side produced at 4:1; and (g�i) a hollow
ring formed around prism and (j) twin-spheres sealed at their waists finally produced at 2:1.

A
RTIC

LE



LI ET AL. VOL. 7 ’ NO. 12 ’ 10482–10491 ’ 2013

www.acsnano.org

10487

Based on the experimental observation, a stepwise
self-assembly mechanism as shown in Figure 8a is
proposed to understand the formation of ZnO twin-
spheres topologically exposed in ((001) facets.
Self-assembly is a strategy utilized to spontaneously
construct complex or hierarchical objects with well-
defined structures with building blocks such as inor-
ganic ions/anions, organic molecules/polymers, and
inorganic nanocrystals. Among the techniques devel-
oped based on self-assembly, the self-assembly
growth of inorganic supercrystals, which employs in-
organic ions/anions or nanocrystals as building blocks
for building complex architectures, is similar to super-
molecule self-assembly and cooperative self-assembly.
(1) While the shapes of crystals are expected to reflect
their unit-cell replication and amplification, their mor-
phologies such as ZnO crystal's superstructures often
vary significantly from the shape of their unit-cell due
to the difference in surface energy of their facets. (2)
Because the growth of ZnO supercrystals are confined
in the micromicelles, nanoreactors constructed with
AOT,21 ZnO particles with uniform size can be pro-
duced on a large scale. The fast growth nature of ZnO
crystals can lead to the formation of ZnO prisms as
shown in Figure 8b1. (3) Based on the Wolff's rule,67

then, the continued growth of ZnO crystals prefers to
take place at the steps and kinks on their surfaces for
the higher surface energy at the locations, compared
to that of the flat plane. The first generation of the
growth therefore starts at the central areas from the
(103) facets of the seeded ZnO prisms (Figure 8b2 and
Figures S1�3) for the higher density of defects and
higher energy at the areas, in accompanying with
adding less AOT into the reaction to enhance the
growth rate. A wedge extended from (103) facet is
therefore generated on the (100) facets of ZnO prisms

(Figure 8aG1 and b2). More kinks and steps can be thus
yielded on the surfaces of ZnO crystals, because of the
first generation growth around the seeded prisms. The
self-assembly growth starting from (103) facets in the
central areas of the prisms can finally result the forma-
tion of nanowedges tilting 18� from the surfaces of the
prisms (Figure 8b1). The results are also consistent with
the structure analysis from SEM images in Figure 4c. (4)
Subsequently, the second generation of the self-as-
sembly growth (Figure 8b3) can occur at the kinks and
steps for the higher energy at the locations. The ZnO
nanowedges terminated with ((001) facts at their
bigger ends attaches closely and radially around the
surfaces of ZnO prisms to form topological superstruc-
ture. (5) ZnO dumbbells (Figure 8b4 and Figures
S13�14) can be produced, after growing for more
than three generations. A stem (Figure 8b5), which
connects two hemispheres to form a dumbbell,
can be observed clearly, after growing for about 5
generations. (6) After growing for 8�12 generations
(Figure 8b6), the ZnO nanowedges can eventually
assemble into twin-spheres. (7) ZnO twin-spheres
(Figure 8b7) can be produced on a large scale, after
further growing to seal a hollow ring around a prism
inside (Figure 4�5 and Figures S8�9). The hollow
structure of ZnO twin-spheres can be observed clearly
in TEM images as shown in Figure 7 also. Due to the two
ends of ZnO prisms are covered by polarized ((001)
facets, respectively, which could result in rate differ-
ence of their growth, the sizes of the two hemispheres
of ZnO twin-spheres generated from the seeds are
different. The stepwise structure evolution of the twin-
spheres supports the self-assembly mechanism pro-
posed well. (8) The surfactant could play three roles
critical in the formation of ZnO twin-spheres: The first,
lowering the energy of ((001) facets through binding

Figure 8. (a) Proposed stepwise self-assembly growth of ZnO twin-spheres topologically exposed in ((001) facets. (b) TEM
and SEM images of ZnO superstructures. (b1) TEM and SEM images of ZnO seed;prisms produced for the fast growth along
Æ0001æ; (b2) the first and (b3) the second generation of self-assembly growth of prisms on the surface of ZnO seeds; (b4) ZnO
dumbbells obtained by growing for more than three generations; (b5) ZnO dumbbell obtained by growing for about 6
generations; (b6) ZnO twin-sphere with a deep pit produced by growing for 8�12 generations; and (b7) ZnO twin-spheres
with a concave groove at their waists.
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the planes selectively; the second, reducing the growth
rate of ZnO crystals for the stepwise self-assembly
growth; and the third, confining the growth of ZnO
particles to produce uniform twin-spheres. The step-
wise self-assembly growth of the ZnO supercrystals
finally yield twin-spheres topologically encased in
((001) facets, which are dictated by the surfactant
used in the synthesis as shown in Figure S16.
The optical property and microstructures of ZnO

twin-spheres can be further characterized with optical
and luminescent microscopes as shown in Figure 9.
The optical images show that there is a black shell on
the surfaces of each sphere as shown in the left column
of Figure 9. It is interesting to find out that there is a
black ring locating at the central area of each sphere
(Figure 9c and e), which could be resulted from the
difference in the refractive indexes between ZnO
crystal and air. The results further verify the special
interior structure of the twin-spheres: A hollow ring
around a prismhas been sealed inside each of the twin-
spheres. In addition, for all of the twin-spheres, the
luminescence is strong enough to observe the emis-
sion of single twin-sphere in a conventional optical
microscopy setup. The corresponding luminescent
images of the twin-spheres are depleted in the right
column of Figure 9. While the twin-spheres emit blue
light as expected, it is a surprise to find that the
supercrystals exhibit anisotropic emissions in intensity
at their surfaces (Figure 9d and f). Recently, the first
principle studies of ZnO crystals reveal that the dipolar
((001) facets of ZnO can emit blue light at the same
wavelength, but the intensity of the emission at-
tributed to (001) facets terminated with O2� is much
stronger than that of (001) planes terminated with
Zn2þ ions.68 While the as-prepared twin-spheres con-
sist two hemispheres with similar morphology, the two
hemispheres could be terminated with O2� and Zn2þ

planes, respectively, and thus show anisotropic emis-
sion. In particular, much stronger emissions can be
observed at the central areas of the twin-spheres. This
could be attributed to the special surface structure of
the twin-spheres also. It was reported that semicon-
ductor nanocrystals can be used as waveguides.2c The
ZnO nanowedges, which self-assemble radially to form
the twin-spheres, can guide their emissions to the
central areas of the twin-spheres and thus result in
strong emissions there. In contrast, the optical and
luminescent images (Figure S17�18) of ZnO prism and
twin-spheres covered with dots indicate that they
uniformly emit blue light only. The results further

support that the blue emissions including anisotropic
emission and strong emission at the central area of
ZnO twin-spheres are attributed to their special super-
structure: topological surfaces exposed in ((001) fa-
cets and a hollow ring around prism inside each of the
particles. The anisotropic emission also indicates that
the ZnO twin-spheres exposed in ((001) facets are a
new class of Janus particles.

CONCLUSIONS

In summary, a series of ZnO supercrystals with well-
controlled microstructures have been successfully
synthesized on a large scale. The AOT surfactant, which
is added into the reactions for establishing stable
micromicelles as nanoreactors, can dramatically affect
the structures of ZnO supercrystals. Themorphology of
ZnO supercrystals evolves from prism to dumbbell and
to twin-sphere exposed in ((001) facets eventually, in
accompanying with adjusting the molar ratio of AOT
to Zn2þ ions. The stepwise self-assembly mechanism,
which is proposed to understand the formation of the
ZnO twin-spheres, could be applied to construct na-
noarchitectures with diverse materials and tailor their
functionalities. The special blue emissions of ZnO twin-
spheres exposed in ((001) facets demonstrate that
novel optical devices could be designed and fabricated
by tailoring the surface topology of the materials.

METHODS

Synthesis of ZnO Twin-Spheres Exposed in((001) Planes. ZnO twin-
spheres were synthesized with a two-phase solution meth-
od involving the preparation of oil-in-water micromicelles,

Zn(NO3)2/water/1-butanol, with the help of sodium bis(2-

ethylhexyl) sulfosuccinate (AOT) at a molar ratio of AOT to

Zn2þ ion from 2:1 to 4:1. Typically, an AOT microemulsion was

first prepared by adding an aqueous solution of Zn(NO3)2 3 6H2O

Figure 9. (a,c,e) Optical and (b,d,f) photoluminescence
images of ZnO twin-spheres topologically exposed in
(001) facets.
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(0.025 mol in 90 mL of H2O) to a solution of AOT (0.05 mol) in
1-butanol (10 mL) and vigorously stirring for 5 h. The volume
ratio of the aqueous phase to the organic phase was 9:1. Then a
concentrated aqueous solution of NH3 3H2O (17.65 M) with a 4:1
molar ratio to Zn(NO3)2 3 6H2O was added dropwise to the well-
stirred microemulsion. The solution was stirred for 5 h at room
temperature, after adding concentrated aqueous solution of
NH3 3H2O. The milky white mixture produced was subsequently
kept at 90 �C for 8 h to yield a white suspension. The precipitate
was separated by centrifugation and washed for 5 times with
distilled water and absolute ethanol, respectively. A white
powder was produced finally by drying at 70 �C in vacuum
for 24 h.

Synthesis of ZnO Prisms. ZnO prisms were synthesized with the
method similar to the synthesis of ZnO twin-spheres. The reac-
tion parameters were kept identical, except for the molar ratio
of AOT to Zn2þ ions. ZnO prisms can be produced at a molar
ratio ranging from 6:1 to 8:1.

Synthesis of ZnO Dumbbells. ZnO dumbbells were also synthe-
sized with the method similar to the synthesis of ZnO twin-
spheres. The reaction parameters were kept identical, except for
the molar ratio of AOT to Zn2þ ions. ZnO dumbbells can be
produced at a 5:1 molar ratio of AOT to Zn2þ ions.

Synthesis of ZnO Twin-Spheres Covered with Dots. ZnO twin-
spheres covered with dots were synthesized with the method
similar to the synthesis of ZnO twin-spheres also. The reaction
parameters were kept identical, except for the molar ratio of
AOT to Zn2þ ions at 1:1.

Characterization. The as-prepared products were character-
ized by powder XRD using a D/max 2550 V X-ray diffract-
ometer (Rigaku, Tokyo, Japan) with monochromatized Cu KR
(λ = 1.54056 Å; scanning rate: 0.02 deg 3 s

�1) in the range of
10�90� incident radiation. The transmission light microscope
and fluorescence microscope of the ZnO particles were
collected with a Nikon Eclipse 80i microscope equipped with
a Cool Snap HQ2 CCD camera. Room-temperature photolu-
minescence (PL) spectra were measured using a 0.5-m-long
9040 ScienceTech monochromator coupled with a Hama-
matsu PMH-04 photomultiplier. The 325 nm emission of a
He�Cd laser source (Melles Griot) of 10 mW power was
used for exciting the samples. The morphologies and the
structures of all of the products were analyzed by FESEM
(JSM-7001F), TEM, HRTEM, and SAED (JEM-2100 operated
at 200 kV). The cross-sectional images of ZnO twin-spheres
were obtained by treating the particles with O2/Ar plasma in a
EQ-PDC-32G plasma cleaner. The particles dispersed in EtOH
were deposited onto the surface of a piece of glass slide and
dried in air and then placed into the chamber of plasma
cleaner. The facets on the surface of the twin-spheres were
destroyed, after being treated in O2/Ar plasma for 5 min. The
cross-section of the twin-sphere was produced by etching
for 20 min.
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