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We hereby report hydrothermal syntheses of new microstructures of semiconducting ZnO. Single-crystalline prismatic
ZnO microboxes formed by nanowalls and hexagonal hollow microdisks closed by plates with micron-sized inorganic
fullerene-like structures have been made in a base-free medium through a one-step hydrothermal synthesis with
the help of n-butanol (NB). Structures and morphologies of the products were confirmed by results from powder
X-ray diffraction and scanning electron microscopy. NB has been found to play a crucial role in the growth of these
hollow structures. It is indicated that these hollow ZnO crystals were grown from redissolution of interiors. These
ZnO microboxes exhibit a band emission in the visible range, implying the possession of a high content of defects.

Introduction

To fulfill the increasing demands of high efficiency in
chemical reactions and optoelectronic transition, much effort
has been devoted to the synthesis of new nanomaterials with
unusual nanostructures.1 Compared with the insulating
silicate and aluminosilicate frameworks, these porous and
tubular-structured nanomaterials have been found to be useful
in separation, ion exchange, catalysis, guest chemistry, and
electrical and optical technology.2-8

Topologically, tubular structures could be formed by curled
layered materials.5-7 Thus, a variety of new tubular structures

of oxides and sulfides have been made from solutions.6,7,9-11

Quite a few prismatic tubes that cannot be formed by curled
lamellar structures have also been reported.7,12-24 These non-
carbon tubular structures have either one or two open
ends.7,12-24 To date, very few examples of prismatic and
single-crystalline inorganic microboxes and hollow micro-
disks with fullerene-like structures have been published.25,26
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No successful synthesis of highly crystalline and hexagonally
prismatic inorganic microboxes has been reported.

ZnO is a wide-band-gap group II-VI compound semi-
conductor (Eg ) 3.37 eV). It can be used as catalytic,
piezoelectric, dielectric, and optical materials in chemical
sensing, solid-state lasing, and light emission.13-17,27-41 These
ZnO crystals from either high-temperature vapor deposition

or low-temperature solution chemistry could take numerous
morphologies including grains,30,31 rods (wires and col-
umns),38-42 belts,43,44 rings,44,45 disks,45 polyhedral micro-
cages,46 tubes,14-20,29,33and complex structures.35,36,41,47,48Yan
and co-workers prepared cylindrical and closed-end ZnO
nanotubes from ZnO nanoparticles through self-assembly
using ethanol as the cosolvent with the help of NH3.33

Inorganic and organic bases are commonly used in these
solution syntheses. A base-free approach has been reported
to prepare ZnO nanoparticles from precursory layered
hydroxide of zinc acetate [LHZA; Zn5(OH)8(CH3COO)2‚
2H2O] under very mild conditions.30,31,49

Hydrothermal treatment as a typical solution approach has
been extensively studied for growing ZnO single crystals with
a variety of morphologies,19,20,33-37,42,45,47including hexagonal
microtubes,19,20 hard nanodisks,45 etc. These prismatic ZnO
microtubes, hydrothermally grown on a substrate, have at least
one open end.19,20 It was proposed that three-dimensional
arrays of ZnO microtubes with open tops were produced from
the redissolution of the metastable (001) faces of as-grown
microrods.19 In this Article, hexagonally prismatic hollow
microboxes and closed-end microdisks of ZnO have been syn-
thesized via a facile one-step hydrothermal route. These micro-
boxes exhibit a strong wide emission band in the visible range.

Experimental Section

1. Preparation. Solid zinc acetate (ZnAc2) was dissolved in
distilled water to prepare 1.0 mol L-1 of a transparent aqueous
solution (ZA) as the zinc source. ZA was dropped inton-butanol
(NB) under stirring to form a clear solution (CS). The stirring time
was about 30 min. The concentration of ZnAc2 in the feedstock
was confirmed with the addition volumes of ZA (VZA) and NB
(VNB), respectively. The total volume ofVZA andVNB was fixed at
4.0 mL as the feedstock for the hydrothermal reaction. A Teflon
liner (20 mL) was filled with such a volume of CS for the autoclave
treatment at an elevated temperature for a certain period of time.
The product was collected on an ultrasonically washed ceramic
plate, gently washed with ethanol and distilled water, respectively,
and then dried in the desiccator. The addition of a proper amount
of NB is crucial in the synthesis. The use of the exact amount of
ZA and NB for each product will be presented in the test.

2. Characterization. Structures of the products were character-
ized by powder X-ray diffraction (XRD) and electron microscopy.
Powder XRD patterns were collected on a diffractometer (Philips
PW1830) using Cu KR radiation (λ ) 0.1541 nm) and a graphite
monochromator operated at 40 kV and 30 mA. Scanning electron
microscopy (SEM) images were taken on a JEOL JSM-6330F field
emission scanning electron microscope. Samples were gold-coated
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prior to the SEM analysis. Photoluminescence (PL) was studied on a
Fluorolog-3 fluorescence spectrophotometer at room temperature. An
ozone-free, 450-W xenon lamp passing through the double-grating
excitation and single-grating emission monochromators in a Cz-
erny-Turner configuration was used as the excitation light source.

Results and Discussion
1. Synthesis of Hexagonal ZnO Microboxes.The typical

product, formed from the solution with 0.8 mL ofVNB at
180°C after 10 h, was proved by the powder XRD to possess
the wurtzite (hexagonal) ZnO structure (Figure 1d). The
diffraction of (002) weaker than that of (100) and (101) is
typical because of the extinction of (001) diffractions, which
is in line with what has been reported in the literature.17-19

The hollow nature inside the nanowalled microboxes was
discovered from broken crystals (see Figure 2). Via a close
look from the right up-corner, it can be seen that most
drumlike microprisms are closed cages with sizes of about
tens of microns in both diameter and length. High-
magnification SEM images clearly display microcages (see
Figure SI-1 in the Supporting Information) that are much
different from those of either truncated, hexagon-based
polyhedral or spherical ZnO cages with nanoshells formed
by textured self-assembly of nanocrystals.46

These ZnO microboxes are mainly composed of smooth
outer shells, with both tops and bottoms closed by nanoplates.
This is quite different from the reported prismatic and hollow

ZnO microtubes that have at least one{001} end opened.14-20

Furthermore, the aspect ratios of these microboxes are much
smaller than those reported in the literature.14-20 Recently,
Liu and co-workers reported square-shaped SnO2 nanoboxes
and nanotubes,25 very different from the hexagonal outer
geometry observed here. Therefore, the structures of our
prismatic closed and drumlike hexagonal ZnO microboxes
are quite unique.

Remarkably, the outer faces of the ends look flat, resemb-
ling those of ZnO microcolumns described by Baxter et al.40

It is interesting that a concave bowl exists at the center of
each bottom plate (white arrows, Figure 2), with the pro-
trudent thin walls inclining inward a bit on the edges of each
top plate (black arrows, Figure 2). Six edges construct a short
prismatic cup erecting on the top. Each hollow ZnO micro-
crystal is composed of two parts: a hexagonal box with inner
caves and a shallow cup with outer caves (Figure 2). The for-
mation of the outer cave in the shape of a cupped cap may be
attributed to subsidence due to hollow interiors. Cupped micro-
structures of ZnO rods were recently made by Qian and co-
workers using the precursor of Zn(N2H4)2Cl2.34 Nonetheless,
the structure of our cupped-end microboxes is quite novel.

2. Time Dependence.To understand the growth mecha-
nism, a careful time-dependent growth was conducted. The
initial product was confirmed to be the layered hydroxide
of ZnAc2 [LHZA; Zn5(OH)8(OCOCH3)2‚2H2O] (Figures 1a
and SI-2 in the Supporting Information).30,49

As shown in Figure 3a, nanoplates assembling beautiful
coralline structures were yielded at the initial reaction stage.
These nanoplates are about 100 nm thick, with their heights
up to 10µm. The flake morphology of these LHZAs, with
a typical hydrozincite structure, has been well described in
the literature.30,49 The layer slab is composed of zinc
hydroxide tetrahedral ZnO4 and octahedral ZnO6, with
CH3COO- anions intercalated between the positively charged
layers of the hydroxide [Zn5(OH)8(H2O)2]2+. The LHZA has
been used as a precursor to prepare well-defined porous ZnO
nanoparticles and porous nanocrystalline ZnO films via a
novel base-free route.31 Unusual ZnO superstructures with
nanosheets standing around a backbone were prepared from
flaky hydroxide zinc chloride by a reflux reaction.35 How-
ever, synthesis of the “closed-box” type of ZnO structures
from these layered compounds was not achieved.

Hexagonal microprisms of ZnO are observed after hydro-
thermal reaction for 2 h (as shown in Figure 3b), forming

Figure 1. Powder XRD patterns of the products prepared from the mixture
with 0.8 mL of NB at 180°C for (a) 1 h, (b) 2 h, (c) 5 h, and (d) 10 h,
respectively.

Figure 2. SEM images of hollow and hexagonal ZnO microboxes prepared from the mixture with 0.8 mL of NB at 180°C for 10 h. The bar is 10.0µm.
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the ZnO microcrystals with the bottom much larger than the
top and surrounded by the precursory nanosheets. The
powder XRD pattern confirms that the product is a mixture
of ZnO and LHZA (Figure 1b).

With a longer time for the hydrothermal treatment, the
coating of LHZA gradually disappeared, leading to the
formation of translucent ZnO microcrystals (Figure 3c).
Clearly, the diameter of the bottom is still larger than that
of the top (Figure 3c). Likely, the bottom of the inner prism
is convolved by outer shells to form a gourd-shaped ZnO
microcrystal (Figure 3c). A few broken ZnO microcrystals
illustrate that they are solid with filled interiors.

After a hydrothermal treatment of over 4 h, faceted and
hexagonal ZnO microprisms were yielded with fully devel-
oped morphologies (Figure 3d). A ZnO crystal holding a
smaller hexagonal cap on its top (Figure 3d) can be found.
A longer time for the hydrothermal reaction leads to the
formation of the “fused” top (parts e1 and e2 of Figure 3).
This implies that the outer shell on the bottom part grows
as the hydrothermal reaction proceeds, lifts up the whole
crystals gradually, and then conceals at the top (parts c-e
of Figure 3). Further, the outer surface of the top looks quite
different from that of the bottom (parts e1 and e2 of Figure
3). Each top plane of most crystals is a smooth hexagonal
pyramid composed of six triangular plates. The bottom
surface, however, is relatively flat. A typical broken ZnO
crystal clearly exhibits its hollow nature with a wall thickness

of 200-300 nm (parts e3 and e4 of Figure 3). Negligible
impurity was observed in this sample (Figure 1c).

After 10 h of reaction, the wall thickness became much
thinner (Figure 2) than before. Electron diffraction indicates
that these ZnO microboxes are like single crystals. The
anisotropic prismatic geometry of the ZnO microboxes, from
a structural analysis along〈001〉 directions, can be assigned
to the inherentP63mc space group. After an even longer
hydrothermal heating, the continuous thinning of the wall
eventually transformed the microboxes into separated thin
nanosheets with a thickness of about 100 nm (Figure 3f).

The time-dependent growth procedure is summarized
schematically in Figure 3g. The above experimental results
indicate that LHZA is formed as a kinetic product at the
initial step and the hollow structure results from an “elimina-
tion” of the inner zinc species46 of the microprism in parts
d and e of Figure 3. Complete investigations are still
underway, and the growth mechanism will be depicted in
much more detail in the future.

3. PL. The PL properties of the ZnO microboxes were
measured at an excitation wavelength of 267 nm at room
temperature. Figure 4 shows a room-temperature PL spec-
trum of the ZnO microboxes, in which three emissions can
be seen. Besides the UV emission that can be attributed to
the near-band edge emission of the wide band gap of ZnO,
both the blue and green emissions near 442 and 530 nm
originated from the crystal defects with different energy
levels below the conducting band.27-41 This significant

Figure 3. Time-dependent growth progress illustrated by SEM images for samples synthesized for (a) 1 h, (b) 2 h, (c) 3 h, (d) 4 h, (e) 5 h, and (f) 20 h
and (g) illustrated schematically. The black bar is 1.0µm except for that in f4, which is 100 nm.
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emission in the visible range might indicate that there could
exist abundant crystal defects (oxygen vacancy) in ZnO
microboxes with large surface areas potentially good for
making new chemical sensors and solar cells.50

4. Effect of the NB Concentration.Organic molecules
in solution for controlling the morphologies of crystals, a
rather old topic in solid-state chemistry, are playing a major
role in solution syntheses of inorganic materials of many
types. No ZnO was formed before the addition of NB. With
an increase in the NB concentration, the yield and outer
geometry of the ZnO products were gradually changed. At
a lower NB concentration, a very small amount of the ZnO
product could be obtained. At a higher NB concentration,
for example, whenVNB was 1.2 mL, poorly defined ZnO
microcrystals including some tubes were formed. At a further
higher concentration of NB, no open microboxes were
observed, implying that this is the condition in which it is
difficult to grow the boxed (tubular) ZnO microcrystals.
These experimental results indicate that the amount of NB
in hydrothermal synthesis is closely related to the growth
patterns and the final morphologies of ZnO microcrystals.

5. Growth of Hollow Hexagonal Microdisks. The
reaction temperature is one of the factors that can alter the
route for growing ZnO crystals. As the reaction temperature
dropped to 140°C, no hollow structures but mainly
nanosheets of LZHA were formed. In the solution with 2.4
mL of NB, hexagonal microcrystals were formed, with their
sizes smaller than those formed at 180°C (Figure 3). It has
been well established that the selective adsorption of the

organics on ZnO surfaces would prevent certain facets from
further growing, resulting in many unusual morphologies for
ZnO.45,47,48Obviously, NB significantly inhibited the crystal
growth along the〈001〉 direction. Figure 5 exhibits the
hexagonal microdisks, prepared at 140°C for 5 h, with much
smaller aspect ratios. The broken rings indicated by the
arrows imply that hollow and closed hexagonal microcages
can take a shape mimicking an inorganic fullerene.26 These
hexagonal disks and rings of ZnO are quite similar to those
most recently reported by Wang and co-workers,45 thus
inspiring us to refer to both of the microboxes and microdisks
(Figures 2 and 5) as ZnO microfullerenes. As compared to
the previous pioneering work,45 besides these hexagonal disks
and rings, microboxes of ZnO have been explored. We might
suppose that these rings resulted from the inner “elimination”
of zinc species as in the above microboxes.46

Conclusion

Top- and bottom-closed, single-crystalline hexagonal mi-
crotubes of ZnO exhibiting wide emission in the UV-visible
range have been successfully fabricated by a facile, template-
and base-free hydrothermal growth. It was found that the
reaction temperature and time have great effects on the
growths and morphologies of the ZnO crystals. Hollow,
hexagonal, and prismatic ZnO microdisks were synthesized
at low reaction temperatures and high NB concentrations.
The outer geometries of these faceted ZnO microcrystals are
closely related to the crystallographic structure of wurtzite
with the space groupP63mc. The reaction time and temper-
ature and the use of NB play crucial roles in the growth of
the novel microcages and microdisks.
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Figure 4. PL of the typical product prepared at 180°C for 10 h. Three
emissions at 400, 442, and 530 nm are isolated.

Figure 5. SEM images of the hollow and hexagonal microdisks prepared
from a mixture with 2.4 mL of NB at 140°C for 5 h. The bar is 1.0µm.
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