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Controlled Fabrication of Highly Oriented ZnO Microrod/Microtube Arrays
on a Zinc Substrate and Their Photoluminescence Properties
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Introduction

Recently, one-dimensional (1D) semiconductor nano-/micro-
structures have been extensively studied owing to their fun-
damental properties, which make them potentially ideal
functional components for nanometer-scale electronic and
optoelectronic devices.[1–4] It is well documented that the op-
toelectronic and chemical properties of inorganic nano/
micro-crystals depend strongly on their morphologies, thus,
the design and controlled synthesis of 1D nano-/microstruc-
tures with different morphological configurations on a large
scale is very important from the viewpoint of both science
and technology.[5–6] Zinc oxide is one of the most important
functional semiconductor materials, because it has a direct
and wide band gap of 3.37 eV at room temperature, together
with a large excitation binding energy (60 meV), it exhibits
near-UV emission, and has transparent conductivity at room
temperature and above. The noncentral symmetrical crystal-
lographic structure of ZnO can lead to piezoelectricity as
well as pyroelectricity, which make it a promising candidate

for building electromechanically coupled sensors and trans-
ducers.[7] Shrinking ZnO to 1D nano-/microstructures is ex-
pected to create possibilities in a wide range of applications,
for example, room-temperature ultraviolet (UV) lasers,[8]

blue-ultraviolet region optoelectronic devices,[9] sensors,[10]

photocatalysts,[11] piezoelectric transducers and actuators,[12]

solar cells,[13] and field-emission devices.[14]

Since the first report of ultraviolet lasing from ZnO nano-
rods,[8] substantial effort has been devoted to the develop-
ment of novel synthetic methodologies for 1D ZnO nano-
structures, and many methods, including vapor–liquid–
solid,[15] vapor–solid,[16] chemical vapor deposition,[17] tem-
plate-assisted,[18] and other solution processes[19–21] have been
used to produce all kinds of 1D ZnO entities. Moreover, the
large-scale controllable growth of well-aligned ZnO nano-
wire, nanorod, or nanoneedle arrays has also been realized
on a variety of substrates,[22–24] which is very important for
device applications. Although gas-phase deposition is one of
the principal technologies for the growth of high quality and
aligned 1D ZnO nano-/microstructures, the process is ex-
pensive and consumes high levels of energy. Recently, chem-
ical solution-phase methods have been found to be more at-
tractive because they can be carried out at moderate tem-
peratures, require simple manipulations, and they have good
potential for scale-up. Han et al. successfully fabricated
highly oriented hexagonal ZnO nanotube arrays on ZnO-
film-coated (arbitrary) substrates on a large scale.[22a] This is
regarded as an important work because the tubular form is
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generally limited to layered materials such as carbon nano-
tubes and would indicate that, although uncommon, it is
possible to obtain the tubular structure on a large scale for
nonlayered ZnO materials. Here, we present a simple route
for the growth of well-oriented 1D ZnO microstructure
arrays over a large area by direct oxidation of zinc foil in an
aqueous solution of ethylenediamine. Furthermore, the
shape of the ZnO microstructures can be easily modulated
from rods to tubes by adding surfactant into the reaction
system. This is a convenient and low-cost method for the
control of the shape and synthesis of 1D ZnO microstruc-
tures.

Results and Discussion

The morphology of an array of ZnO microrods grown by
our method was characterized by scanning electron micro-
scopy (SEM). Overall, the product layer produced on the
Zn substrate is highly uniform over a large area (Figure 1a).
A tilted view of the array of rods shown in Figure 1b sug-
gests that these ZnO microrods are oriented approximately
perpendicular to the surface of the substrate and are typical-
ly 30 mm in length. Figure 1c is a magnified image, clearly
showing the microrods grown in a dense array with a mean
diameter of 0.5–1.0 mm, and, in addition, an exceptionally
large aspect ratio is thus achieved (in the range of 30–60).
The inset of Figure 1c shows that the ZnO microrods pos-
sess well-defined hexagonal-prism morphology. The X-ray
diffraction (XRD) pattern of the product layer on the Zn
substrate (Figure 1d) suggests that the crystallographic
phase of the array of ZnO microrods belongs to the Wurt-
zite-type (space group: P63/mc, JCPDS: 36-1451), and the
measured lattice constants co and ao of this hexagonal phase

are 5.21 and 3.25 K, respectively (co/ao=1.60). Notably, the
(002) diffraction peak at 2q=34.48 is enhanced and much
stronger than the other peaks, suggesting a preferential ori-
entation of the crystals along the c axis of the ZnO micro-
structures, perpendicular to the substrate surface. The com-
position of the array of ZnO microrods was analyzed by an
energy dispersive X-ray spectroscopy (EDS) study (Support-
ing Information, SI-1). This study revealed the presence of
Zn and O as the only elementary components and indicated
a slight oxygen deficiency (Zn/O�1:1, atomic ratio). No
traces of other elements were detected; this indicates that
the ethylenediamine was completely removed during the
growth and washing process.

Although the majority of the ZnO microrods were grown
on the zinc foil, individual microrods can be separated by
using sonication. Figure 2 shows a typical transmission elec-
tron microscopy (TEM) image of a free-standing ZnO mi-
crorod, which is in good agreement with the SEM results,

exhibiting the rodlike morphol-
ogy with a pointed tip. The in-
dividual microrod has a uni-
form diameter along its entire
length; this indicates that the
growth anisotropy along the
+c axis is strictly maintained
throughout the process. In par-
ticular, no branching is ob-
served, which implies that the
ZnO microrods were grown
from spontaneous nucleation
and contain high crystal perfec-
tion.[22a] Furthermore, the se-
lected area electron diffraction
(SAED) pattern and the high-
resolution TEM (HRTEM)
image recorded at the tip of the
representative ZnO microrod
indicates its single crystal
nature. The features of the dif-
fraction pattern show that the

Figure 1. The a) overview, b) tilted view, c) magnified view SEM images, and the d) XRD pattern of an array
of ZnO microrods on a zinc substrate.

Figure 2. TEM, SEAD, and HRTEM images of a ZnO microrod.
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preferred growth of the ZnO microrods is in the [0001] di-
rection. The displayed lattice spacing of 0.52 nm perpendicu-
lar to the microrods axis corresponds to the interplanar
spacing of the (002) planes of ZnO, which also indicates that
the [0001] direction is preferred for growth.

The amount of ethylenediamine (en) is a critical parame-
ter for the growth of the ZnO microrods. By using only a
small amount of ethylenediamine (3.5 mL), an array of
dense, long rods assembled from nanosheets forms (Fig-
ure 3a–c), rather than an array of smooth rods. Additionally,
a proportion of the sample did not grow perpendicular to
the substrate. The XRD pattern
shown in Figure 3d reveals that
the sample obtained in this case
was Zn(OH)2 (marked with &,
JCPDS 74–0094) as result of
the side reaction
[Zn(OH)4]

2�!Zn(OH)2fl+
2 OH�, and the peaks marked
with stars are attributed to the
zinc foil (JCPDS 04-0831). The
stoichiometry of the sample
was investigated by using EDS,
which reveals the atomic ratio
of Zn/O�1:2 (Supporting In-
formation SI-2).

Interestingly, if cetyl trimeth-
yl ammonium bromide (CTAB)
is added to the reaction mixture
and the other reaction condi-
tions are kept similar, an array
of tubelike ZnO structures can
be grown on the Zn substrate
(Figure 4 illustrates the mor-
phology and structural charac-
terization results). An array of
dense, highly oriented ZnO mi-
crotubes was obtained when the
synthesis was carried out in a
solution containing 0.02m
CTAB (Figure 4a,b). The length
of the ZnO microtubes was
found to be in the range of 20–
25 mm. The magnified images of
the microtubes are shown in
Figures 4c and 5, from which
we find that the walls of the
tubes are not smooth, but are
constructed by numerous nano-
sheets. The wall thickness and
the diameter of the inner cavity
are 200 and 300–500 nm, re-
spectively. Recently, Liu et al.
synthesized ZnO microtubes
that have a similar morpholo-
gy,[25] but the orientation of the
array was not described.

Figure 4d is the XRD pattern of the ZnO microtube
array.

We found that the morphology of the ZnO microstruc-
tures is sensitive to different surfactants. Typical SEM
images of the ZnO sample obtained from the reaction
system containing 0.02m sodium dodecyl sulphate (SDS) are
shown in Figure 6. A low-magnification SEM image of the
densely packed candy-rodlike structures is illustrated in Fig-
ure 6a. The magnified images of the ZnO candy-rods clearly
demonstrate that these rods are constructed by many nano-
sheets (Figure 6b, and SI-3 in the Supporting Information),

Figure 3. The a) overview and b) tilted view SEM images of an aligned array of Zn(OH)2 microrods. c) SEM
image of Zn(OH)2 microrods that have fallen on zinc foil. d) XRD pattern of the Zn(OH)2 microrods.

Figure 4. The a) overview, b) tilted view, c) magnified view SEM images and the d) XRD pattern of the array
of ZnO microtubes on zinc foil, obtained with the addition of 0.02m CTAB into the reaction system.
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which is similar to the phenomenon observed during the
preparation of the ZnO microtubes.

Based on the above results, we have found that the nano-
sheets have a direct relationship with the final morphology
of the samples. To trace the morphological evolution of the
ZnO samples, an experiment at low temperature (120 8C)
was carried out while keeping the other reaction conditions
the same as those used up to this point (the reaction condi-
tions can also be found in the Experimental Section). Only
a mass of nanosheets with the thickness of 80–100 nm were
prepared from this reaction (Figure 7a), which confirms that
the nanosheets are the preformed nanostructure. To deter-
mine the crystal structure of an individual nanosheet, sys-
tematic TEM imaging and diffraction analyses were con-
ducted. A TEM image of several nanosheets, which shows
their hexagonal shape, is seen in Figure 7b. The hexagonal
electron diffraction spots shown in the SAED pattern are a
single crystal [0001] pattern of ZnO (Figure 7c), which re-

veals that the top and bottom surfaces of the nanosheet are
a pair of (0001) and (000-1) c planes, though the six side
facets are {10–10}. Similar ZnO nanosheet structures have
also been observed in the early stages of the preparation of
well-aligned ZnO nanorod arrays on zinc foil in ethanol.[24b]

SEM images of the sample prepared in a contrast experi-
ment at a reaction temperature of 1358C (higher than that
for nanosheets, but lower than that for microrods) were re-
corded, and we found that an array of semi-microrods
formed from the layer-by-layer stacking of nanosheets
(Figure 8).

The SEM observation implies that the ZnO microrods,
microtubes, and candy-rods all evolved from the nanosheets.
Based on the crystal habit of wurtzite ZnO, the growth rates

Figure 5. High-magnification SEM images of ZnO microtubes.

Figure 6. a) Overview and b) magnified view of an array of ZnO candy-
rods on zinc foil obtained with the addition of 0.02m SDS into the reac-
tion system.

Figure 7. The a) SEM image, b) TEM image, and c) SAED pattern of
ZnO nanosheets obtained at 120 8C.

Figure 8. SEM images of an array of semi-microrods obtained at T=
135 8C.
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of the different family of planes follow the sequence
(0001)> (10-11)> (10-10), and conventionally, the more
rapid the growth rate, the quicker the disappearance of the
plane. However, under certain circumstances the growth
along the [0001] direction disappears altogether, and the
planes that have higher Miller indices and lower specific sur-
face energy become preferred.[24c] For the nanosheets we ob-
tained, the (0001) plane, the most rapid-growth-rate plane,
dominates large areas of the nanosheets, which are consid-
ered to be metastable structures. In this contrast experiment,
the lower reaction temperature we employed (120 8C)
caused the reaction to proceed much more slowly, and
hence, the initial nuclei had sufficient time to grow in the
lateral directions, resulting in the formation of nanosheets
(Figure 7). Once the reaction temperature has risen to
1358C, these metastable nanosheets will stack together to
lower the system energy and form an array of semi-micro-
rods along with the sheets (Figure 8). Further elevation of
the reaction temperature to 160 8C causes these nanosheets
to penetrate each other through the coalescence mode and
Ostwald ripening, thus microrods with smooth surfaces are
formed (Figure 1). Similar layer-by-layer stacking processes
from ZnO nanosheets to nanorods have also been observed
by other groups.[19d, 24b]

The putative reactions relevant to the growth of ZnO
structures in an ethylenediamine (en) solution with Zn foil
as a reactant can be simply represented by the following re-
actions (Equations (1)–(4)):

Zn þ O2 þ 2 H2O ! Zn2þ þ 4 OH� ð1Þ

Zn2þ þ 2 en ! ½ZnðenÞ2�2þ ð2Þ

½ZnðenÞ2�2þ þ 4 OH� ! ½ZnO2�2� þ 2 en þ 2 H2O ð3Þ

½ZnO2�2� þ H2O ! ZnO þ 2 OH� ð4Þ

To grow ZnO structures from zinc foil in solution, basic
conditions are necessary. Bidentate ethylenediamine can
offer a basic medium, and also perform two other major
roles in the growth of ZnO microrods. First, in the case of
adding the neutral en molecule, the electrostatic force be-
tween the positive polar plane of (0001) and the negative
[ZnO2]

2� growth unit is much stronger than the adsorption
affinity between the (0001) plane and the neutral en mole-
cule. Therefore, adsorption of the en molecule and [ZnO2]

2�

should occur on the lateral {10-10} surfaces group and the
(0001) face, respectively. Thus, the radial enlargement of the
rods may be largely inhibited owing to the strong chelating
ability of en towards the divalent zinc species, and the crys-
tal growth rate along the c axis is enhanced.[21d] Second, en
could also work as a transport carrier in Ostwald ripening.
The sample prepared by using a shorter reaction time of 8 h
clearly has a terraced structure (all other reaction conditions
were kept the same as those in Experimental Section in the
Supporting Information, SI-4), which implies the presence
of atomic steps on the side crystallographic planes. During

the prolonged reaction the effects of Ostwald ripening
become pronounced, as evidenced in the transformation of
the terraced morphology to the parallel prismlike planes.
The complexing agent (en) in solution could act as a carrier
via formation of [Zn(en)2]

2+ for zinc transport from one lo-
cation to another in ripening ZnO rods (i.e., dissolution and
then redeposition). Apparently, zinc cations located in the
steps and terraces could be more easily dissolved in this
complexation process. The zinc complex species in the solu-
tion phase are more attracted to adsorption sites with high
surface energy (i.e., the (0001) plane) in the subsequent re-
deposition, which results in the smoother ZnO microrods
with uniform diameters.[20d]

CTAB plays an important role in the growth process of
ZnO microtubes. When the concentration of CTAB reaches
0.02m, rodlike capsules of CTAB are generated in the satu-
ration solution. ZnO nanosheets will be adsorbed and
stacked up around the circumference of the CTAB capsules
as a result of the coulomb-force action between [ZnO2]

2�

and cationic surfactant CTAB, and to lower the energy of
the reaction system. Certainly, the coalescence mode and
Ostwald ripening also exist among the nanosheets during
the formation of the ZnO microtubes, therefore, some nano-
sheets penetrate each other and grow together, as shown in
Figure 5. On the other hand, the additional adsorption of
CTAB onto the ZnO surfaces (primarily on negative sites,
complementary to en-adsorbed positive Lewis acid sites)[20d]

results in a certain degree of sheetlike morphology followed
by the formation of an array of ZnO microtubes (Figures 4
and 5). Recently, the structure-directing effects of surfac-
tants on CuO nanocrystals prepared on copper foils has also
been discussed.[26]

The study of the luminescent properties of these ZnO
structures can shed some light on defects in the ZnO crys-
tals and their potential as photonic materials. The room-
temperature photoluminescence (PL) spectrum recorded
from the array of ZnO microrods is shown in Figure 9a. A
sharp and strong UV peak at 3.26 eV (l=380 nm) domi-
nates the PL spectrum, and a weak and broad-green band is
found in the range of 2.07–2.95 eV (l=420–600 nm). The
UV band emission of the array of ZnO microrods can be as-
signed to the emission from a free exciton under low excita-
tion intensity,[27] and the weak peaks in the green band pos-
sibly originate from the electron transition from the level of
the ionized oxygen vacancies to the valence band.[28] The in-
tensity of the deep-level emission is determined by the con-
centration of the oxygen vacancies in the ZnO crystal.[29]

Therefore, the strong and intense UV emission, the weak
emission related to the vacant ionized-oxygen levels, and
the absence of the well-known stronger and broader emis-
sion in the yellow-green band[28] in the PL spectrum illus-
trate the good crystallization quality and high stoichiometric
nature of the obtained array of ZnO microrods. We carried
out additional room-temperature PL measurements of the
array of ZnO microtubes. The emission spectrum shown in
Figure 9b displays a sharp UV emission, and the intensity of
the defect-related green emission increases. It is generally
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accepted that the green emission results from the recombi-
nation of a photogenerated hole that has a singly ionized
charge state within a specific defect.[28] Although the PL
spectrum is clear, it is reasonable to predicate that a few
crystal defects exist in the array of ZnO microtubes. The PL
spectrum of the array of ZnO candy-rods shown in Figure 6
(and in the Supporting Information, SI-5) and the emission
spectrum gives a wide band emission covering the blue and
green regions, indicating that lots of oxygen vacancies or in-
terstitial Zn centers are present in the sample. The emission
spectra of the products synthesized under different condi-
tions are dramatically different from each other, verifying
that the optical properties of ZnO crystals are very sensitive
to the morphology and preparation conditions.

Conclusion

In summary, highly oriented ZnO microrod/microtube
arrays have been successfully fabricated by simple oxidation
of a solution of zinc foils in ethylenediamine under hydro-
thermal conditions (without surfactant for an array of micro-
rods and with surfactant, CTAB, for an array of microtubes).
Through changing some reaction parameters, such as the
concentration of ethylenediamine, the kind of surfactant, re-
action time, and the temperature, ZnO microstructures that
have different morphologies were obtained. The SEM obser-
vations has allowed for the growth and mechanism for con-
trolling the shape of the structures to be discussed in detail.
The PL emission spectra for ZnO microrods and microtubes

are different, which confirms that the optical properties of
ZnO crystals are very sensitive to the morphology and prep-
aration conditions. It is reasonable to expect that this simple
method can easily be scaled up to fabricate various ZnO
nano-/microstructures for important applications over a
large range of nanotechnologies.

Experimental Section

Materials : The reagents used in this work, including ethylenediamine and
ethanol, were of analytical reagent grade and were purchased from the
Beijing Chemical Factory, China. Zinc foils (10 O 10 O 0.5 mm, 99.9 %)
were pretreated by sonication in ethanol for 5 min and dried by using a
dry nitrogen stream.

Synthesis : In a typical procedure, a piece of clean zinc foil was immersed
in a solution of en (11 mL) and water (24 mL) in a Teflon-lined stainless
steel autoclave (50 mL) followed by heating at a constant temperature of
160 8C for 24 h. After the hydrothermal treatment, the resulting zinc foil
was taken out and thoroughly rinsed with ethanol and dried in air for fur-
ther characterization. It is worth noting that this process had high repro-
ducibility and high yield.

Characterization : The XRD pattern was recorded by using a Rigaku D/
max 2500 V PC diffractometer (Cuka radiation). The SEM data were col-
lected by using a XL30 ESEM-FEG microscope at an accelerating volt-
age of 15 kV. The TEM observations were performed by using a JEOL
2010 instrument. The final zinc foil was sonicated in ethanol for 10 min
and the suspension was dropped on the carbon-coated Cu grid, followed
by evaporation of the solvent in the ambient environment. The PL emis-
sion spectra were measured by using an excitation wavelength of 325 nm
with a power of 50 mW, and performed on a LABRAM-UV Raman mi-
crospectrometer (Jobin Yvon).
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