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Well-faceted hexagonal ZnO microprisms with regular interior space have been successfully prepared by a template-
free hydrothermal synthetic route. The morphologies of the products depend on the experimental conditions such
as the solvent, the concentration of ammonia aqueous solution, and the reaction temperature. Through manipulation
of the aging time, the as-prepared ZnO can be controlled as a monodispersed hexagonal twinning solid or as
hollow microprisms. Moreover, the evolution process of the hollow ZnO nanoarchitecture after reaction for 2, 6, 12,
and 24 h has been investigated by field emission scanning electron microscopy (FE-SEM) and transmission electron
microscopy (TEM). A possible growth mechanism has also been proposed and discussed. Furthermore, the
photoluminescence (PL) measurement exhibits the unique emitting characteristic of hollow ZnO nanostructures.

Introduction methods, such as material compatibility and process com-
plexity, newer template-free methods under one-pot condi-
tions are expectative for synthesizing desired nanomaterials.
Controlled organization into a 1D nanostructure with interior
space remains a challenge in nanoscale science, which is
attractive to scientists not only because of its importance in
understanding crystal growth of novel architectures but also
for its promising applicatioA?-17

ZnO is one of the most promising materials for optoelec-
tronic applications owing to its wide band gap (3.37 eV)
and large exciton binding energy (60 meV). Potential
applications of nanostructured ZnO include light-emitting
diodes!® room-temperature UV laset$solar cells® and so

Hollow nanostructures with highly specific morphology
and novel properties are of great interest to chemists and
material scientists because of their unique properties and
promising applications in material science and micro/
nanodevice$.® Moreover, as a result of requirement and
rapid advancements in material science, hollow structures
with novel morphology and nanoscale characteristics are
demanded urgently. Until now, the general approach for
fabricating hollow structures has involved the use of various
removable or sacrificial templatés® Consequently, spherical
hollow structures observed and obtained are still the most
popular architecture because of their highest symnietry.
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on. Various nanostructures of ZnO, such as nanobelts,
nanocombs, nanosprings, nanohelix, nanobridges, nanonails,
and nanocables have already been synthesized by a variety
of methods, including thermal evaporation, chemical vapor
deposition (CVD), electrodeposition, and template-directed
growth?1-2° Because of its importance in many fields of
technology, a number of hollow ZnO nanostructures have
been prepared, which include asymmetric hollow nanoar-
chitectures?® hourglass-like nanostructur&sand hollow
microhemisphere®. However, it still remains a challenge
to identify a facile and suitable method for growing high-
quality in terms of monodisperse and well-shaped hollow
ZnO nanostructures. 2 Theta (degree)

Herein, we report the fabrication of hexagonal ZnO Figure 1. (a) XRD patterns of the hexagonal ZnO hollow microprism
microprisms with regular interior space by a facile template- and (b) standard ZnO (JCPDS-36451).
free method. The structure and morphology can be controlled
easily. The first step, experimentally, involved the fabrication With @ hollow nanostructure were synthesized by the hydrothermal
of a flower-like hierarchical precursor with the formula of reaction of the precursors in an ammonia aqueous solution at
Zn0-0.33ZnBp1.74H,0, according to our previous repdtt. suitable temperatures. In a typical experiment, 0.007 g of the
Because of the low solubility of the precursor in diluted precursor was_dlspersed in 10 mL of 1.04 mpI/L _dlluted ammonia

. . . . agueous solution at room temperature, again with ultrasonication

ammonium solution, a controllable release of zinc cations ¢o 10 min. Then, the mixture was transferred into a 15 mL Teflon-
may make the conversion from the precursor to final hollow jined stainless steel autoclave and maintained at°C3éor 12 h.
ZnO nanostructures feasible. To get perfect crystallinity, The white suspension was centrifuged to separate the precipitate,
hydrothermal treatment was adopted to obtain ZnO nano-rinsed three times with distilled water, and finally dried in a vacuum
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structure through the reaction of the precursors with am-
monia. Interestingly, the hollow hexagonal ZnO microprisms
twinned crystallites with (001) as the twinning plane were

observed in the typical synthesis. Then, the morphology
evolution of the hollow ZnO microprism was investigated

by field emission scanning electron microscopy (FE-SEM)
and transmission electron microscopy (TEM). In addition, a
two-step growth mechanism was revealed: nucleation-
growth and preferential chemical dissolution of the meta-
stable faces of the ZnO twinning microcrystal.

Experimental Section

Preparation. Flower-like precursor Zn€.33ZnBp-1.74H0
was first prepared according to our previous w&rkn the basis
of a reverse microemulsion method. ZnO hexagonal microprisms
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oven at 60°C for 6 h.

Characterization. The product was characterized by X-ray
diffraction (XRD) using a Rigaku-D/max 2500V X-ray diffracto-
meter equipped with Cu & radiation ¢ = 1.54178 A) at a step
width of 0.02. The morphologies and structures of the as-
synthesized ZnO products were characterized by field emission
scanning electron microscopy (FE-SEM) and transmission electron
microscopy (TEM). All of the samples for the FE-SEM and TEM
characterization were prepared by directly transferring the suspended
products to the ITO glass slide and the standard copper grid coated
with an amorphous carbon film, respectively. FE-SEM analysis was
performed on a Philips XL-30 field-emission scanning electron
microscope operated at 15 kV, while TEM and selected area
electron diffraction (SAED) were carried out on a JEOL-JEM-2010
at 200 kV. The PL spectrum of the ZnO sample was measured on
a Hitachi 4500 fluorescence spectrophotometer using a xenon lamp
as an excitation source, with an excitation wavelength of 325 nm
at room temperature.

Results and Discussion

Structure and Morphology. Part a of Figure 1 shows
the XRD pattern of the as-synthesized hexagonal hollow
microprism. All of the reflection peaks of the ZnO samples
can be indexed as pure hexagonal ZnO (JCPDS card number
36—1451). Compared with the standard diffraction pattern
(part b of Figure 1), the deviation of peak intensities implies
the preferential chemical partial dissolution of the metastable
(001) plane, which is consistent with what was reported in
the literature’*—36 Typical morphology of the as-synthesized
ZnO hollow nanostructures are presented in Figure 2. From
the SEM pictures of typical ZnO nanostructure (part a of
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160, 180, and 200C, respectively, on the basis of the
standard conditions. By altering the reaction temperature, it
can be seen that the shape of the ZnO nanostructure changes
nothing, yet the size and homogeneity vary much. In addition,
it can be observed that different morphologies were obtained
under the standard conditions by changing the concentration
of ammonia aqueous solution from 0.27 to 1.27 mol/L
(Figure S2). The decrease of the concentration of the
ammonia aqueous solution led to spindle-like microrods with
a diameter of 500 nm (parts a and b of Figure S2). When
the concentration of the ammonia aqueous solution is lower
than 0.54mol/L, no hollow structure can be observed. High
concentrations of ammonia aqueous solution, such as 1.27mol/
L, will destroy the integrality of structure because of the
fracture of shell at the central section (part d of Figure S2).
Appropriate concentration of the ammonia aqueous solution
is favorable for the growth of the perfect hollow structure.
In such a system, the hollow ZnO microprism can only be
Figure 2-f h(a) L_Owl-?agnifica}ion Oand (b) high-mﬁ%nilflication FE-SEM  obtained when the concentration of ammonia is controlled
e e nomrmneasocs 0 the range of 0.791.04 moll (part ¢ of Figure S2). To
TEM image of the central section of a typical hexagonal ZnO microprism Show the effect of the solvent on the ZnO morphology, we
with hollow nanostructures (inset, SAED pattern). applied mixed solvents (ethanol and distilled water) instead
of distilled water. Figure S3 shows the SEM images of the
Figure 2), it is clear that microprisms with closed-end and sample obtained in a mixed solvent of distilled water and
regular hexagonal sections are the dominant products. Theethanol with different volume ratios. It is clear that the hollow
detailed morphology of hollow nanostructures can be seenmicroprism structure formed with a high volume ratio of
under higher magnification in part b of Figure 2. The well- distilled water and ethanoW(/Ve = 4:1) (part d of Figure
faceted hollow particles have a diameter of about 500 nm S3), whereas the rotor-like particles were obtained when the
and a length of up to23 um (part b of Figure 2). Hollow  volume ratios are 1:4 and 2:3 (parts a and b of Figures S3),
interior space can be observed clearly from some fracturedrespectively. When the volume ratio is 3:2, a rod-like ZnO
hollow microprisms, as a result of ultrasonication and nanostructure was obtained (part ¢ of Figure S3). Therefore,
washing in the process of the experiment (indicated with it may be concluded that the componential increase of ethanol
white arrows). The interior shell of the fragment is smooth in the mixed solvent may tend to the second nucleation,
and about 4650 nm in thickness. The morphology and whereas the componential increase of distilled water will
structure of typical samples observed from SEM images arepossibly incline to the growth of hollow microprism. It
in line with what is viewed from TEM images in parts ¢ appears from this study that the influence of mixed solvents,
and d of Figure 2. In part ¢ of Figure 2, it can be seen that the concentration of ammonia aqueous solution, and the
the microprism has two solid ends and regular interior space.reaction temperature on the morphology is complex. More
It is interesting to note that the crystallite of the ZnO hollow detailed investigations for the effects of these parameters on
microprism is symmetrical about a twinning plane (indicated the ZnO nanostructures are in progress.
with black arrows in part ¢ of Figure 2). A high-magnification  Studies of the Growth ProcessTo understand the growth
TEM image of hollow ZnO nanostructures (part d of Figure mechanism, the growth process was also monitored by time-
2) shows the central section of the microprism has a lessdependent observations. Figure 3 shows the SEM and TEM
compact surface where the crystallites of the lamella shell images of the products that were obtained at 1G0after
can be observed. Confirmed with the corresponding SAED heating for 2, 6, 12, and 24 h. Part a of Figure 3 reveals that
pattern recorded from the nanostructures in part d of Figure grenade-like hexagonal microprisms (indicated with black
2, the individual elongated ZnO crystallites are single- arrows) with the bottom subunit much larger than the top
crystalline with their axes pointing along [001] of the crystal. subunit could be obtained at the initial reaction stage, for
Effect of Reaction Conditions on the Growth of ZnO example at 2 h. The bottom subunit wa800-500 nm in
Nanostructure. Generally, several parameters were identified width and~500-800 nm in length, whereas the top subunit
as important factors in controlling the size, morphology, and was ~100-200 nm wide and~200-300 nm long. This
homogeneity of the ZnO nanostructure, namely the reaction typical morphology of twinning ZnO has been reported in

temperature, the concentration of ammonia aqueous solutionthe previous literatur&-4! After a hydrothermal treatment
and the nature of the solvent. By changing these parameters,

we got a series of ZnO nanostructures whose morphologies(z7) oyle, D. S.; Govender, K.; O'Brien, REhem. Commur2002, 80.
are shown in Figures SiS3 (Supporting Information),  (38) Govender, K.; Boyle, D. S.; Kenway, P. B.; O'Brien, P.Mater.
respectively. Figure S1 exhibits low-magnification and high- 3, ?gﬁg%ﬁoéulif‘fgf'l_iu’ v.: Yang, X. RJ. Phys. Chem. 2005

magnification FE-SEM images of products obtained at 150, 109, 22244,

Inorganic Chemistry, Vol. 46, No. 19, 2007 8021



Yu et al.

Scheme 1. Schematic lllustration of the Formation Process of Typical
Hexagonal ZnO Microprisms with Hollow Nanostructures

a(l) Grenade-like asymmetrical ZnO twinning microcrystal, (Il) formation
of symmetrical ZnO twinning microprism with legible grain boundary, (1)
faceted and hexagonal ZnO microprisms with regular interior space, and
(IV) hollow ZnO microprisms with a fractured shell.

nucleus exists in solution, the growth of the individual
Figure 3. FE-SEM images of the obtained ZnO products for different crystallite in the twins would take place along the patar
times: (a) 2 h, (b) 6 h, (c) 12 h, and (d) 24 h. (Inset, enlarged images of axis by the incorporation of grovvth units on the growth
particles in parts b, ¢, and d). . . .

interfaces, such as (001), and thus twinned crystallites can

of over 6 h, faceted and hexagonal ZnO microprisms were finally be formed. It may be energetically favorable to joint
obtained with~400-600 nm in width and~1.5-2 um in the polar surfaces with higher energy, to lower the system
length. The microparticles grew thicker and longer and €nergy in such experimental conditions.
showed better crystal perfection. The smaller subunit of the  On the basis of the experimental results in our case and
twinning evolved to be equivalent to the bigger one, and our understanding of the process, a proposed growth mech-
the two subunits were symmetrical about the twinning plane. anism for hollow ZnO nanostructures is given in Scheme 1.
It is worth noting that, however, there are still lots of defects First, the precursors partially dissolved and reacted with
in the rougher surface at the central section of particle @ammonia agueous solution to form [Zn(QkNHz)m]* ~".
(indicated with black arrows in part b of Figure 3), where Then, the intermediate product rapidly decomposed and grew
the two subunits fuse together. When the reaction time wasinto grenade-like ZnO asymmetrical twinning crystals. As
extended to 12 h, well-faceted ZnO microprisms with interior the reaction time increased, the microprisms grew thicker
space at the central section of microparticles appeared, agihd longer and became symmetrical about the twinning
seen in part ¢ of Figure 3. As the aging process was extended?lane. The surface of central section was still coarse, where
to 24 h, the length/diameter ratio of the particles increased, the density of the defects is highest. In the previous refort,
and the shell of hollow parts grew more frangib|e, |eading the preferential chemical dissolution of the metastable (001)-
to the breaking up of the central section of most of the Zn faces of the oriented microrods would take place and
microprisms (part d of Figure 3). lead to the required oriented hollow structure in the aging
To comprehend the possibility of generating ZnO hollow Process. The energy of hollow structure may be lower than
microprisms, one has to understand its structural character-that of the solid structure as a result of the higher energy at
istics. From its anisotropic structure, ZnO can be described the polar surface¥.Consequently, when the aging time was
as many alternating planes composed of tetrahedral coordi-€xtended, the dissolution with a higher rate would carry out
nated G- and Zri#* ions, the growth units Zng ions, on the interface of two twinning subunits in our system.
stacked alternately along tlteaxis. The oppositely charged ~ Through penetrating at the defect sites of the coarse shell,
jons produce (001) and (6Dmo|ar surfaceé? Consequenﬂy, preferential dissolution of the twinning (001) plane may result
the most stable growth habit of the ZnO crystal is to elongate in & hollow structure with regular interior space. On the other
along thec axis. hand, growth along the axis was synchronous with the
With regard to the forming mechanism of the znO dissolution of the (001)-Zn faces. Then, the systems may
twinning crystal, a few models can be suggested. Wang ettend to reach their thermodynamic equilibrium and result in
al. found that the linkage of Zn® tetrahedral units in a @ typical hollow morphology, as a result of the aging
weak basic solution leads to the formation of a crystal mechanism of Ostwald ripenirf§.If the aging time is

nucleus of a twinning cryst4® When this kind of crystal ~ sufficient, a high dissolution rate may lead to the fracture of
the shell at the central section, where the density of the
(40) Vanheusden, K.; Seager, C. H.; Warren, W. L.; Tallant, D. R.; Voigt, defects is highest.
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nately, the exact origins have not been assigned st-far.
Therefore, further studies from both theoretical and experi-
mental perspectives on the PL properties of such ZnO
nanostructures are required to reveal the underlined photo-
luminescence mechanisms.

Conclusion

Intensity(a.u.)

To conclude, we have demonstrated that hexagonal ZnO
microprisms with hollow architecture can be fabricated with
large-scale yield via a template-free hydrothermal synthetic
route. Furthermore, the possible growth mechanism of the
hollow structure has been analyzed via a time-dependent
observation. The morphologies of products depend on the
experimental conditions such as the solvent, the concentration
of ammonia aqueous solution, and the reaction temperature.
The formation of such hollow nanostructures is believed to
Optical Properties. The PL spectrum of the ZnO hollow  be the result of the preferential dissolution of the metastable

microprisms was measured with the excitation wavelength (001)-Zn faces of the twinned microprisms from the defect
of 325 nm at room temperature (Figure 4). The spectrum of Sites on the twinning plane. This type of hollow nanoarchi-
the ZnO hollow nanostructure consists of three emission tecture shows unique PL characteristics, which might be
bands: the ultraviolet emission at around 400 nm, the blue Potentially useful material in future optoelectronic applica-
band (457 nm), and the green ban¢%40 nm). The Uy tions.
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Figure 4. Room-temperature PL spectrum of a typical hexagonal hollow
ZnO nanostructure Afx = 325 nm).
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