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Abstract A series of zinc oxide (ZnO) nano-/micro-rods
had been synthesized via solution-based routes. In the
hydrothermal route, the obtained ZnO nano-/micro-rods
had two topographics. In refluxing procedures, spindly
ZnO nanorods were obtained in the presence of
poly(vinyl-pyrrolidone) (PVP) and ellipsoid-like nanorods
were obtained in the absence of PVP. The products were
characterized using X-ray powder diffraction (XRD),
scanning electron microscope (SEM), transmission elec-
tron microscope (TEM), and electron diffraction (ED)
analysis. Room temperature photoluminescence (PL)
spectra of the ZnO products demonstrated a weak UV
emission and a broad visible emission for each of the
sample. The growth mechanism of 1-D ZnO crystals was
discussed briefly.

Keywords ZnO, nano-/micro-rods, crystal shape, photo-
luminescence (PL) spectra

1 Introduction

Zinc oxide (Zn0), a direct band-gap oxide semiconductor,
has been extensively studied owing to its unique optical,
acoustic, and electronic properties, as well as its
application in, for example, fabricating electronic and
optoelectronic devices [1-3]. Currently, the fabrication of
nanomaterials with a controllable size and shape arouse
great scientific and technological interest, mainly due to
the significant influences of size and shape on their
properties. Various interesting 1-D nanostructures of ZnO
including nanowire arrays, nanobelts, tetropods, and
hierarchical nanostructures have been prepared by vapor
transport and condensation process [1—5]. The preparation
of ZnO nanowires, nanorods and their arrays via hydro-
thermal method and chemical solution routes have also
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been explored [6—10]. The synthesis of ZnO nanorods was
carried out in mixed solvent (alcohol/water) in the presence
of cetyltrimethylammonium bromide [6]. ZnO nanostruc-
tures of different morphologies were grown in a controlled
manner through a simple low-temperature hydrothermal
method [8]. The effect of crystal growth modifiers on the
aspect ratio of ZnO nanorods has been investigated by
Garcia’s group [10]. However, their explicit growth
mechanisms are somewhat controversial and not fully
been understood.

Recent studies of liquid-phase synthesis of 1-D
nanorods have showed that the growth pattern of
nanocrystals is influenced by several different parameters,
such as monomer concentration, capping molecules,
temperature, and kinetic energy barrier [11]. Understand-
ing the crystal growth behavior would be beneficial to
tuning the shape and the orientation of these materials.
Herein, in order to clarify the growth behavior, we report
the preparation of ZnO 1-D nano-/micro-crystals with
tunable size and shape via solution-based routes.

2 Experimental sections

All the chemicals and reagents were of analytical purity
and were used as received. In a typical process, 35 mL
Zn(CH;COO), aqueous solution was put into a flask, and
pH value was adjusted to 7.0-8.0 with diluted alcohol
amine. After being stirred for 1 h, the colloidal mixture was
transferred into a Teflon lined stainless steel autoclave with
a capacity of 50 mL and was maintained at 120°C for 2 h.
Alternatively, the mixture was refluxing at 100°C for 5 h in
the flask with or without the presence of poly(vinyl-
pyrrolidone) (PVP). The final products were collected by
centrifugation, washed with water and dried in vacuum.
Controlled experiments were carried out following similar
procedures, and typical experimental results are summar-
ized in Table 1.

The X-ray powder diffraction (XRD) pattern of
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Table 1 Summary of experimental conditions versus products

No. Zn2+/(mo]/L) reaction route

temperature/°C

time/h PVP/% ZnO products

1 0.0025 hydrothermal 120

2 0.0067 hydrothermal 120

3 0.0025 refluxing 100

4 0.0025 refluxing 100

5 0.0067 refluxing 100

ZnO rods
flower-like rods
prolate ellipsoid rods
spindly rods

ellipsoid rods

the products was recorded by employing a Philips
X’pert X-ray diffractometer with Cu Ko radiation (A=
0.154187 nm). The morphologies and selected-area elec-
tron diffraction (ED) of the samples were analyzed using a
JSM-6700F field emission scanning electron microscope
(SEM) and a JEM-2000EX (JEOL, 160 kV) transmission
electron microscope (TEM). The photoluminescence (PL)
measurements were performed on a Hitachi 850 lumines-
cence spectrometer at room temperature.

3 Results and discussion

Figure 1 shows XRD patterns of four ZnO samples. The
main peaks are labeled and can be indexed to hexagonal
wurtzite structure ZnO (JCPDS card No. 36-1451). The
strong and sharp peaks suggest the formation of highly
crystalline ZnO particles. No characteristic peaks from
Zn(OH), were observed.

The morphology of the samples was revealed through
TEM observations. Figure 2(a) shows the TEM image of
sample 1. It can be seen that the sample is mainly rod-like
micro-crystals with a diameter of 300-500 nm and length
of 3-5um. Most of ZnO rods have two detailed
topographic features, in which one half part is thicker,
and the other half part is thinner. Figure 2(b) shows typical
morphology of an individual ZnO micro-rod with not-
fully-developed thinner part. Both the thicker and the
thinner parts of the rod have the plain shaped ends. It is
interesting that the not-fully-developed thinner part seems
to be the assemblies of some triangle particles. In fact,
triangle shaped particles can be clearly identified in TEM
images of Fig. 2. The corresponding ED pattern is shown
in the inset of Fig. 2(b), in which the tetragonal pattern
could be identified as (0002) and (1120) planes of
hexagonal ZnO with the [1100] zone axis projection of
the ZnO reciprocal lattice. The ED patterns taken from
different positions of an individual rod or from different
rods are essentially the same, indicating that ZnO rods are
single crystalline in structure. The preferential growth
direction of these rods is along the ¢ axis of the crystal
lattice.

Controlled experimental results showed that the con-
centration of precursor, reaction route, and capping
molecules all have influence on the morphologies of
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Fig. 1 XRD patterns of ZnO samples. (a) Sample 1; (b) sample
2; (c) sample 3; (d) sample 4
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Fig. 2 TEM images and ED pattern (inset of (b)) of sample 1

ZnO crystals. When the concentration of Zn?' was
increased (sample 2), uniform ZnO nanorods can be
obtained. Figure 3(a) shows the SEM image of sample 2,
exhibiting flower-like assemblies. The TEM image in
Fig. 3(b) shows that the ZnO nanorods have the diameters
of 80200 nm. When the crystallizing process is carried
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out by refluxing the suspension of Zn(OH), precursor,
prolate ellipsoid-like ZnO rods are obtained (sample 3). As
shown in Fig. 3(c), both ends of ZnO rod are pointed. ED
pattern in Fig. 3(d) is recorded by focusing the electron
beam on an individual ZnO rod, indicating the ¢ axis
preferential growth behavior of ZnO rods. The slighter spot
of (0001) might result from the secondary reflection of
(0002) in ZnO crystals. Increasing the concentration of the
precursor also results in ellipsoid-like ZnO particles
(sample 5). While the precursor was refluxed in the
presence of PVP (sample 4), as shown in Fig. 3(e), spindly
ZnO crystals with higher aspect ratio are obtained.

The overall reaction for the growth of ZnO crystals may
be simplified as the following:

Zn** 4+ 20H —Zn(OH),, (1)

—
500 nm

0 )

1010

(c)

Zn(OH), + 20H" [Zn(OH),J* ", Q)

[Zn(OH)4]*"—ZnO + H,0 + 20H . (3)

Although the chemical reaction is rather simple, the
growth process of ZnO nano-/micro-rods would be very
complicated because of the fact that the ZnO rods obtained
in different conditions show distinguishing morphology
characteristic. ZnO crystal is a polar crystal, the inherent
asymmetry along c¢ axis leads to the anisotropic growth of
ZnO crystallites. In hydrothermal process, the growth unit
of ZnO is [Zn(OH)4]*, and it is acceptable that the growth
rate of different ZnO planes is as the following:
Y(0001) > 1(011 1) > 1(0110) > ¥(0111) > (0001) [12].
As a result, column-like 1-D structured ZnO crystal is
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Fig. 3 SEM and TEM images and ED pattern. (a),(b) Sample 2; (c),(d) sample 3; (e) sample 4
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formed with one end faceted, and another end pointed or
faceted. This kind of ZnO 1-D structure is easy to be found
in Refs. [6,13]. However, ZnO nano-/micro-rods obtained
in the present case show different growth behaviors.

In our process, some of the ZnO rods show two distinct
topographics, and the growth behavior of the thinner half
part seems different from that of the thicker half part.
We speculate that the rod formation process is as
follows: When the reaction takes place, ZnO nuclei take
form according to reaction formula (3). The growth
units of [Zn(OH),]* are generated according to reaction
formula (2). The assemblis of [ZnO4]* tetrahedrons along
[0001] direction lead to 1-D growth of ZnO. Under higher
concentrations of the precursor (sample 2), more ZnO
nuclei take form. The newly formed nuclei might
aggregate in the absence of PVP. The radial 1-D growth
of ZnO from the aggregated nuclei leads to the formation
of flower-like ZnO nanorods arrays.

In the refluxing process, ZnO prolate ellipsoid-like rods
with two pointed ends were obtained instead of the
column-like ones reported in the literature. We propose
that the relative growth rate of different facets is probably
not as same as that in the hydrothermal process. The
difference of relative growth rate between the [0001] and
[0001] directions diminishes, and the growth rate in the
[0110] direction is also accelerated, which results in the
growth of ellipsoid-like ZnO nanorods with two pointed
ends. With the assistance of PVP, the growth rate in the
[0110] direction is limited, and those in the [011 1] and the
[0111] directions are enhanced, which leads to the
formation of spindly ZnO nanorods with higher aspect
ratio.

Figure 4 shows the room temperature PL spectra of ZnO
samples excited with a wavelength of 325 nm. It can be
seen that the PL spectra cover the blue and green regions.
This kind of broad-peak PL spectrum in a visible region for
ZnO nanorods has rarely been reported [14,15]. The sharp
and strong UV emission band in previous reports was not
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Fig. 4 PL spectra of ZnO samples

recorded in the present case. In contrast, only relatively
weak UV emission at around 385nm was recorded for
samples 2 and 4 respectively (Figs. 4(b) and 4(d)). And a
413nm visible emission was detected for sample 3.
Generally, the UV emission band is originated from the
direct recombination of the free excitons through an
exciton-exciton collision process [16,17], while the visible
emission is due to surface structure defects in ZnO crystals
such as oxygen vacancies, zinc vacancies, oxygen
interstitials, and zinc interstitials [18]. These results
indicate that the as-obtained ZnO nanorods have more
structural defects. It also suggests that the optical proper-
ties of ZnO crystals are sensitive to the size and the
morphologies of ZnO samples.

4 Conclusions

In conclusion, ZnO nano-/micro-rods of different shapes
have been synthesized by decomposing the in-situ formed
Zn(OH), precursor. The experimental results show that
experimental parameters such as the concentration of
precursor, reaction route, and capping molecules have
influences on the morphologies of ZnO samples. The
growth mechanism is discussed, and it would provide more
information to the controlled synthesis of 1-D ZnO nano-/
micro-crystals. Room temperature PL study indicates that
the optical properties of ZnO crystals are sensitive to the
size and the morphologies.
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