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We hereby report hydrothermal syntheses of new microstructures of semiconducting ZnO. Single-crystalline prismatic
Zn0O 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 of oxides and sulfides have been made from solutfgiis!!

To fulfill the increasing demands of high efficiency in Quite a few prismatic tubes that cannot be formed by curled
chemical reactions and optoelectronic transition, much effort lamellar structures have also been repoft€d:* These non-
has been devoted to the synthesis of new nanomaterials wittearbon tubular structures have either one or two open
unusual nanostructurésCompared with the insulating ends!**?* To date, very few examples of prismatic and
silicate and aluminosilicate frameworks, these porous and single-crystalline inorganic microboxes and hollow micro-
tubular-structured nanomaterials have been found to be usefudlisks with fullerene-like structures have been publisted.
in separation, ion exchange, catalysis, guest chemistry, and
electrical and optical technology®

Topologically, tubular structures could be formed by curled
layered material®.” Thus, a variety of new tubular structures
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No successful synthesis of highly crystalline and hexagonally or low-temperature solution chemistry could take numerous

prismatic inorganic microboxes has been reported.

ZnO is a wide-band-gap group-tVI compound semi-
conductor E; = 3.37 eV). It can be used as catalytic,
piezoelectric, dielectric, and optical materials in chemical
sensing, solid-state lasing, and light emissio#’2" 4! These
ZnO crystals from either high-temperature vapor deposition
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morphologies including grain®;3! rods (wires and col-
umns)38-42 pelts?4 rings#**° disks#®> polyhedral micro-
cages's tubes!*202233and complex structureg364147.4%an
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 JNH
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; Z(OH)s(CH;COOQO):
2H,0] under very mild condition&-31.49

Hydrothermal treatment as a typical solution approach has
been extensively studied for growing ZnO single crystals with
a variety of morphologie¥;20-33-37.424547%ncluding hexagonal
microtubes®?° hard nanodisk&;, etc. These prismatic ZnO
microtubes, hydrothermally grown on a substrate, have at least
one open enéd’?0 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?® 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 (ZnAg was dissolved in
distilled water to prepare 1.0 molt of a transparent aqueous
solution (ZA) as the zinc source. ZA was dropped intbutanol
(NB) under stirring to form a clear solution (CS). The stirring time
was about 30 min. The concentration of ZnAo the feedstock
was confirmed with the addition volumes of ZA/Ax) and NB
(Vng), respectively. The total volume &fz4 andVyg 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 K radiation ¢ = 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

(42) Boyle, D. S.; Govender, K.; O’Brien, Ehem. Commur2002 80—81.

(43) Pang, Z. W.; Dai, Z. R.; Wang, Z. IScience2001, 291, 1947-1949.

(44) Kong, X. Y.; Ding, Y.; Yang, R.; Wang, Z. LScience2004 303,
1348-1351.

(45) Li, F.; Ding, Y.; Gao, P. X.; Xin, X. Q.; Wang, Z. LAngew. Chem.,
Int. Ed. 2004 43, 5238-5242.

(46) Gao, P. X.; Wang, Z. LJ. Am. Chem. So€003 125 11299-11305.

(47) Tian, Z. R.; Voigt, J. A,; Liu, J.; Mckenzie, B.; Mcdermott, M. J.;
Rodriguez, M. A.; Konishi, H.; Xu, H. FNat. Mater 2003 2, 821—
826.

(48) Tian, Z. R.; Voigt, J. A.; Liu, J.; Mckenzie, B.; Mcdermott, M. 1.
Am. Chem. So2002 124, 12954-12955.

(49) (a) Poul, L.; Jouini, N.; Fieet, F. Chem. Mater 200Q 12, 3123~
3132. (b) Morioka, H.; Tagaya, H.; Kadokawa, J.-l.; Chiba, X.
Mater. Sci. Lett1999 18, 995-998.

Inorganic Chemistry, Vol. 45, No. 8, 2006 3257



Zhao et al.

ZnO microtubes that have at least i1} end opened2°
Furthermore, the aspect ratios of these microboxes are much
smaller than those reported in the literatifre® Recently,
(A Liu and co-workers reported square-shaped SmeDoboxes
and nanotube¥, 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 &P al.
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
Tk st top plate (black arrows, Figure 2). Six edges construct a short
0 10 20 30 40 50 70 prismatic cup erecting on the top. Each hollow ZnO micro-

] 2 Theta ) crystal is composed of two parts: a hexagonal box with inner
",:V'i?#rg.;'m'z°c‘)’}’d,\‘fé>$?8%§tée][gf E’;)thleﬁ"(’g)“gtshf’r(i;’%r? gﬁg‘(tgf {"O'Xrt]‘fre caves and a shallow cup with outer caves (Figure 2). The for-
respectively. mation of the outer cave in the shape of a cupped cap may be

attributed to subsidence due to hollow interiors. Cupped micro-
prior to the SEM analysis. Photoluminescence (PL) was studied on astructures of ZnO rods were recently made by Qian and co-
Fluorolog-3 fluorescence spectrophotometer at room temperature. Anworkers using the precursor of ZnfN,),Cl».3* Nonetheless,
ozone-free, 450-W xenon lamp passing through the double-gratingthe structure of our cupped-end microboxes is quite novel.
excitation and sir_lgle-g_rating emission monochromatqrs in a Cz- 2. Time DependenceTo understand the growth mecha-
erny—Turner configuration was used as the excitation light source. nism, a careful time-dependent growth was conducted. The

(100)
(002)
(101)

L (102)
L (110)

CPS

_ ;wﬁé {

EE
-

Results and Discussion initial product was confirmed to be the layered hydroxide
1. Synthesis of Hexagonal ZnO MicroboxesThe typical of ZnAc; [LHZA; Zns(OH)s(OCOCH),-2H,0] (Figures 1a
product, formed from the solution with 0.8 mL &fys at and SI-2 in the Supporting Informatioff)#°

180°C after 10 h, was proved by the powder XRD to possess As shown in Figure 3a, nanoplates assembling beautiful

the wurtzite (hexagonal) ZnO structure (Figure 1d). The coralline structures were yielded at the initial reaction stage.

diffraction of (002) weaker than that of (100) and (101) is These nanoplates are about 100 nm thick, with their heights

typical because of the extinction of (001) diffractions, which up to 10um. The flake morphology of these LHZAs, with

is in line with what has been reported in the literattiré? a typical hydrozincite structure, has been well described in
The hollow nature inside the nanowalled microboxes was the literature®*° The layer slab is composed of zinc

discovered from broken crystals (see Figure 2). Via a close hydroxide tetrahedral ZnOand octahedral Zng§ with

look from the right up-corner, it can be seen that most CH;COO™ anions intercalated between the positively charged

drumlike microprisms are closed cages with sizes of about layers of the hydroxide [Z(OH)s(H20);]?". The LHZA has

tens of microns in both diameter and length. High- been used as a precursor to prepare well-defined porous ZnO

magnification SEM images clearly display microcages (see nanoparticles and porous nanocrystalline ZnO films via a

Figure SI-1 in the Supporting Information) that are much novel base-free rouf8.Unusual ZnO superstructures with

different from those of either truncated, hexagon-based nanosheets standing around a backbone were prepared from

polyhedral or spherical ZnO cages with nanoshells formed flaky hydroxide zinc chloride by a reflux reactiShHow-

by textured self-assembly of nanocryst#ls. ever, synthesis of the “closed-box” type of ZnO structures
These ZnO microboxes are mainly composed of smooth from these layered compounds was not achieved.

outer shells, with both tops and bottoms closed by nanoplates. Hexagonal microprisms of ZnO are observed after hydro-

This is quite different from the reported prismatic and hollow thermal reaction fo2 h (as shown in Figure 3b), forming

Figure 2. SEM images of hollow and hexagonal ZnO microboxes prepared from the mixture WithO. mL of NB &€ 18010 h. The bar is 10.gm.
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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 Arf except for that in 4 which is 100 nm.

the ZnO microcrystals with the bottom much larger than the of 200-300 nm (parts £and q of Figure 3). Negligible
top and surrounded by the precursory nanosheets. Theimpurity was observed in this sample (Figure 1c).
powder XRD pattern confirms that the product is a mixture  After 10 h of reaction, the wall thickness became much
of ZnO and LHZA (Figure 1b). thinner (Figure 2) than before. Electron diffraction indicates
With a longer time for the hydrothermal treatment, the that these ZnO microboxes are like single crystals. The
coating of LHZA gradually disappeared, leading to the 2anisotropic prismatic geometry of the ZnO microboxes, from
formation of translucent ZnO microcrystals (Figure 3c). @ Structural analysis alorig01ldirections, can be assigned
Clearly, the diameter of the bottom is still larger than that (© the inherenP6smc space group. After an even longer
of the top (Figure 3c). Likely, the bottom of the inner prism hydrothermal heating, the cor)tlnuous thlnnmg of the waI_I
is convolved by outer shells to form a gourd-shaped ZnO eventually transformed the microboxes into separated thin

microcrystal (Figure 3c). A few broken ZnO microcrystals na_?rc])shtgets (\;\"th a dth'iknesstﬁf about leO nm (Flgure_3f)d.
illustrate that they are solid with filled interiors. € ume-dependent growth procedure IS summarize

schematically in Figure 3g. The above experimental results
After a hydrothermal treatment of over 4 h, faceted and

g ) ) : indicate that LHZA is formed as a kinetic product at the
hexagonal ZnO microprisms were yielded with fully devel- jnitia| step and the hollow structure results from an “elimina-

oped morphologies (Figure 3d). A ZnO crystal holding a oy~ of the inner zinc speciééof the microprism in parts
smaller hexagonal cap on its top (Figure 3d) can be found. § and e of Figure 3. Complete investigations are still
A longer time for the hydrothermal reaction leads to the underway, and the growth mechanism will be depicted in
formation of the “fused” top (parts;&nd e of Figure 3). much more detail in the future.

This implies that the outer shell on the bottom part grows 3. pL. The PL properties of the ZnO microboxes were
as the hydrothermal reaction proceeds, lifts up the whole measured at an excitation wavelength of 267 nm at room
crystals gradually, and then conceals at the top (parts ¢ temperature. Figure 4 shows a room-temperature PL spec-
of Figure 3). Further, the outer surface of the top looks quite trum of the ZnO microboxes, in which three emissions can
different from that of the bottom (parts end e of Figure be seen. Besides the UV emission that can be attributed to
3). Each top plane of most crystals is a smooth hexagonalthe near-band edge emission of the wide band gap of ZnO,
pyramid composed of six triangular plates. The bottom both the blue and green emissions near 442 and 530 nm
surface, however, is relatively flat. A typical broken ZnO originated from the crystal defects with different energy
crystal clearly exhibits its hollow nature with a wall thickness levels below the conducting badt#! This significant

Inorganic Chemistry, Vol. 45, No. 8, 2006 3259
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A =267 nm

ex

Intensity(a.u.)

Figure 5. SEM images of the hollow and hexagonal microdisks prepared
from a mixture with 2.4 mL of NB at 140C for 5 h. The bar is 1.am.

organics on ZnO surfaces would prevent certain facets from
further growing, resulting in many unusual morphologies for
ZnO547480bviously, NB significantly inhibited the crystal
' * ) growth along thel001]direction. Figure 5 exhibits the
L hexagonal microdisks, prepared at P4for 5 h, with much
00 200  s00  e00 . 700 smaller aspect ratios. The broken rings indicated by the
Wavelength(nm) arrows imply that hollow and closed hexagonal microcages
can take a shape mimicking an inorganic fulleréh€&hese
hexagonal disks and rings of ZnO are quite similar to those
most recently reported by Wang and co-work&rshus
emission in the visible range might indicate that there could inspiring us to refer to both of the microboxes and microdisks
exist abundant crystal defects (oxygen vacancy) in ZnO (Figures 2 and 5) as ZnO microfullerenes. As compared to
microboxes with large surface areas potentially good for the previous pioneering wofR besides these hexagonal disks
making new chemical sensors and solar c&lis. and rings, microboxes of ZnO have been explored. We might
4. Effect of the NB Concentration. Organic molecules ~ suppose that these rings resulted from the inner “elimination”
in solution for controlling the morphologies of crystals, a Of zinc species as in the above microboXes.
rathgr old topic in solid-state chemistry, are plqying amajor conclusion
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, wherVyg 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 Acknowledgment. This work has been supported by the
reaction temperature is one of the factors that can alter theNatural Science Foundation of China (for distinguished
route for growing ZnO crystals. As the reaction temperature team), NSF of Guangdong for rare-earth luminescence and
dropped to 140°C, no hollow structures but mainly optoelectronic materials, team program of NSF of Guang-
nanosheets of LZHA were formed. In the solution with 2.4 dong for optoelectronic materials, and Guangzhou Govern-
mL of NB, hexagonal microcrystals were formed, with their ment for semiconducting materials.
sizes smaller than those formed at T&D(Figure 3). It has Supporting Information Available: SEM images and physical
been well established that the selective adsorption of theand chemical analyses. This material is available free of charge
via the Internet at http://pubs.acs.org.

Figure 4. PL of the typical product prepared at 180 for 10 h. Three
emissions at 400, 442, and 530 nm are isolated.

Top- and bottom-closed, single-crystalline hexagonal mi-
crotubes of ZnO exhibiting wide emission in the YVisible
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 group6smc 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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