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ABSTRACT: ZnO nanostructures with triangular and rod-like morphologies could be grown by thermolysis of zinc acetate in
oleylamine solvent using oleic acid as surfactant. Concentration of the zinc precursor in the reaction mixture had a strong effect on
the final morphology of the ZnO nanostructures. While a low precursor concentration results in triangular morphology, high precursor
concentrations favor rod-like morphologies of the nanostructures. The room temperature photoluminescence (PL) spectra of both
nanostructures are dominated by the green emission attributed to the oxygen vacancy (VO) related donor-acceptor transition. Presence
of several infrared (IR) inactive vibrational modes in the Fourier transform infrared (FT-IR) absorption spectra of the samples
indicates a breakdown of translational symmetry in the nanostructures induced by native defects. Possible mechanisms of the
morphology evolution and the origin of observed visible emissions in the nanostructures are discussed.

Introduction

Zinc oxide (ZnO) has attracted immense research interest
worldwide during the present decade. Its wide band gap (3.37
eV)1 and high exciton binding energy (60 meV)2 make it a
potential material for the applications in optoelectronic devices.
In this regard, developing a low cost process to control the
morphology and optical properties is the main challenge to build
ZnO nanostructure-based technologies. It is well-known that by
reducing the size of materials their properties can be modified
drastically.3-7 Considerable efforts have been devoted to control
the morphology and size of ZnO nanostructures.8-11 Neverthe-
less, the synthesis methods to obtain controlled nanostructures
often involve tedious processes.12 Generally, morphology control
in metal oxide nanostructures requires chemical methods using
highly alkaline solutions,13,14 or physical methods performing
at high temperatures.15-17 However, use of a low temperature
soft chemical method for fabricating metal oxide nanostructures
with controlled and versatile morphology is essential for their
low cost production.

On the other hand, fabrication of morphology-controlled metal
oxide nanostructures is not a unique requirement to use them
as a basic material for optoelectronic devices. It also requires a
vast understanding of optical phenomena observed in such
materials.

The origin of electronic transitions responsible for observed
visible luminescence in ZnO has been a topic of extensive
research recently. Nevertheless, the origin of such emissions
remains controversial.

In the present article, we report the synthesis of well
crystallized ZnO nanostructures with controlled morphology
simply through the thermolysis of zinc acetate at relatively low
temperature. Through this technique, nanotriangles or nanorods
could be synthesized by a precise variation of the concentration
of zinc precursor salt. Morphology and growth structure of the
nanostructures were studied by transmission electron microscopy
(TEM). Optical properties of the obtained ZnO nanostructures
were studied by room temperature photoluminescence and
infrared spectroscopy techniques. Possible origin of observed

luminescence emissions and the mechanism of morphology
control are discussed.

Experimental Section

For the synthesis of ZnO nanostructures, zinc acetate dihydrate
[Zn(CH3COO)2 2H2O, J.T. Baker, 99.6%], oleic acid (C18H34O2,
technical grade 90%, Aldrich), and oleylamine (C18H37N, technical grade
70%, Aldrich) were purchased and used without further purification.
In a typical synthesis process, 76 mmol of oleylamine (solvent) and
30 mmol of oleic acid (surfactant) were mixed in a round-bottom flask
under vigorous stirring. In order to eliminate the humidity in the reaction
flask, a nitrogen gas flux was applied throughout the reaction process.
To control the morphology of the ZnO nanostructures, specific amounts
of zinc acetate (3.75, 7.5, 15, 30, and 60 mmol) were added to the
surfactant and solvent-containing flask. In this way, the molar ratio of
zinc precursor and oleic acid was varied from 0.125 to 2.0. Once the
zinc salt was dissolved in the solution, it was gradually heated up to
220 °C. After several minutes at this temperature, the reaction mixture
turned white. After about 15 min of heating at this temperature, the
product was cooled down to room temperature. Then the white material
was centrifuged and washed several times with hexane. ZnO nano-
structures were characterized by X-ray diffraction (XRD) (Bruker axs
D8 Discover, Cu KR ) 1.5406 Å), low and high resolution transmission
electron microscopy (TEM and HRTEM) (JEOL JEM-2010F), room
temperature photoluminescence (PL) (325 nm line of a Melles Griot
He-Cd laser; 0.5 m ScienceTech 9040 monochromator), and Fourier
transform infrared spectroscopy (FT-IR) (Nicolet 750 with a DTGS
detector). The acquired PL spectra of the samples were corrected using
the spectral responses of the monochromator and the detector (Photo-
multiplier, ScienceTech PMH-04).

Results and Discussion

Table 1 summarizes the relative molar quantities of zinc
acetate dyhidrate, oleylamine, and oleic acid used to obtain the
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Table 1. Amounts of Zinc Precursor Salt, Oleic Acid, and
Oleylamine Used in Different Synthesis Processes and

Corresponding Resulting Morphologies

sample

zinc
acetate
(mmol)

oleic acid
(mmol)

oleylamine
(mmol)

zinc acetate (M)
oleic acid (M) morphology

A 3.75 30 76 0.125 nanotriangles
B 7.5 30 76 0.25 nanotriangles
C 15 30 76 0.50 nanotriangles

and nanorods
D 30 30 76 1.0 nanorods
E 60 30 76 2.0 nanorods
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ZnO nanostructures. It was observed that the resulting morphol-
ogy of ZnO nanostructures has a strong dependence on the molar
concentration of zinc precursor salt and surfactant (oleic acid).
While low precursor to surfactant ratios (0.125 and 0.25)
produce ZnO nanotriangles, an increase in concentration of zinc
acetate results in a few ZnO nanorod structures mixed with
nanotriangles. Upon increasing the concentration of zinc salt
further (1.0 and 2.0 molar ratios), only nanorods are obtained.
Figure 1 shows typical TEM images of the nanostructures grown
with different concentrations of zinc acetate. It is clear that at
low precursor concentration, triangular morphology is favored.
Upon increasing the precursor concentration, both triangular and
rod-like morphologies appeared. For even higher concentrations
of the precursor, only rod-like morphology was formed. Possible
growth mechanisms of such nanostructures and their morpho-
logical evolution are discussed later.

For detailed structural and optical studies, sample B (zinc
acetate and oleic acid molar ratio ) 0.25) and sample D (zinc
acetate and oleic acid molar ratio ) 1.0) were taken as
representative materials of nanotriangles and nanorods, respec-
tively. Figure 2 shows the XRD patterns of nanotriangles and
nanorods. Observed diffraction peaks revealed that both nano-
triangles and nanorods are wurtzite ZnO (P63mc, a ) 3.249 Å,
c ) 5.206 Å, JCPDS No. 36-1451). It is interesting to note that
the XRD pattern of ZnO nanotriangles has a (002) plane
reflection more intense than a (101) reflection, which suggests
a preferential orientation of the nanostructures along the [001]
direction. The XRD pattern of nanorods is similar to that
expected in a polycrystalline sample with random orientation.

Figure 3 shows low and high magnification TEM images of
nanotriangles and nanorods. In Figure 3a, equilateral triangles
of about 200 nm base size can be observed. Also several
nanotriangles (marked) join to form a structure similar to a half-
hexagon. The growth mechanism of such nanostructures has
been reported previously by Zhang et al.18 A typical HRTEM

image of a corner of a nanotriangle is shown in Figure 3b. The
measured interplaner spacing of 0.28 nm matches with the
interplanar spacing of (100) planes of wurtzite ZnO. The fast
Fourier transform (FFT) of the image (inset Figure 3b) confirms
that the crystal is observed through the [001] crystallographic
direction; i.e. the sides of the nanotriangle are composed of a
{100} family of planes and the triangular face corresponds to
the (001) plane. Figure 3c shows the TEM micrograph of a
nanorod with 70 nm in diameter and about 100 nm in length.
From the typical HRTEM image of a tip of a nanorod presented
in Figure 3d, two interplaner spacings can be determined. The
interplaner spacing of 0.25 and 0.52 nm corresponds to the (101)
and (001) planes, respectively, with about a 61° angle between
them, in agreement with wurtzite ZnO structure. The FFT pattern
of the HRTEM image (inset Figure 3d) indicates that the
nanorod structures grow along the [001] direction, by subsequent
stacking of (001) planes and a restrictive growth of {100} family
planes.

Formation of resulting morphologies of ZnO nanostructures
can be understood through the interaction of zinc oxide seeds
with the surfactant. The polar nature of oleic acid molecule
favors its adsorption on the (001) polar plane of zinc oxide. It
is expected that at lower molar ratios of zinc precursor and oleic
acid (0.125 and 0.25) a higher amount of surfactant molecules
are attached on the (001) plane, inhibiting its growth by
decreasing the surface free energy. Restrictive growth of the
(001) plane favors the ZnO seeds to grow along the (100),
(0-10), and (-110) lateral planes, resulting in the observed
triangular morphology. On the other hand, if the concentration
of zinc precursor is further increased (1.0 and 2.0), there is not
enough oleic acid molecules adsorbed on the (001) plane to
restrict its growth process. Therefore, the ZnO seed follows its
preferential growth along the c-axis, producing observed rod-
like ZnO morphology. Figure 4 summarizes the obtained
morphology of ZnO nanostructures with respect to zinc acetate
concentration, along with some models of preferential growth
planes.

In order to study the effect of morphology on the optical
properties of ZnO nanostructures, they were characterized by
FT-IR and PL spectroscopy at room temperature. Figure 5 shows
the FT-IR spectra of nanotriangles (Figure 5a) and nanorods
(Figure 5b). Several absorption bands besides those attributed

Figure 1. Typical TEM images of the samples grown with different
molar ratios of zinc acetate and oleic acid: (a) 0.125, (b) 0.25, (c) 0.50,
(d) 1.0, and (e) 2.0. All the scale bars correspond to 100 nm. Arrows
in Figure 1c point to triangular and rod-like nanostructures.

Figure 2. XRD patterns of wurtzite ZnO: (a) nanotriangles, and (b)
nanorods.

Figure 3. (a) Low magnification TEM micrograph of nanotriangles.
(b) HRTEM image of the corner of a selected nanotriangle, with
corresponding FFT pattern as inset. (c) Low magnification TEM
micrograph of nanorods. (d) typical HRTEM image of a nanorod with
corresponding FFT pattern of a selected area.
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to ZnO vibrational modes appeared in the FT-IR spectra of both
samples at about 3435, 2926, 2360, 2341, and 1618 cm-1. The
bands at 3435 and 1618 cm-1 are attributed to the stretching
and bending modes of the hydroxyl group (OH) of water
molecules adsorbed on the surface of nanostructures, respec-
tively. Absorption of carbon dioxide molecules present in the
atmosphere corresponds to bands located at 2360 and 2341
cm-1. The band at 2926 cm-1 is attributed to the asymmetric
stretching mode of the CH2 group of oleic acid,19 which was
not completely removed by washing and centrifugation with
hexane. The inset of Figure 5 shows the FT-IR spectra of the
samples in the frequency range where vibrational modes related
to ZnO are observed. For nanorods (spectrum b of the inset of
Figure 5), four bands located at about 536, 515, 430, and 414
cm-1 are observed. The band at 414 cm-1 can be assigned to
the infrared active E1-TO mode of ZnO;20 nevertheless, the other

bands do not match with any IR-active vibrational mode for
bulk ZnO. Several authors have reported similar anomalous
vibrational modes in ZnO21-23 attributed to local vibrational
modes of impurities or defects. Manjón et al.24 have demon-
strated that most of these modes correspond to silent modes
allowed by the breakdown of the translational symmetry induced
by native defects. On the other hand, if the translational
symmetry is broken at certain point defects, it is feasible that
frequencies close to the symmetric modes can be observed not
only by Raman spectroscopy but also in their IR spectra.
Therefore, activation of silent modes by native defects can be
the origin of the band located at 515 cm-1, while the band at
about 430 cm-1 can be assigned to the Raman-active E2-high
mode.25 It is interesting to note that the bands at about 536 and
430 cm-1 differ by about 106 cm-1, which matches with the
frequency of the Raman-active E2-low mode (∼102 cm-1).26

Therefore, the band at about 536 cm-1 is probably a second-
order vibrational mode involving E2-high and E2-low modes.

The infrared spectrum of the nanotriangles (inset Figure 5a)
reveals four bands centered at about 543, 504, 469, and 443
cm-1. It is interesting to note that the E1-TO mode (∼414 cm-1)
is absent in this case due to a the preferred orientation of
nanostructures along c-axis.27 Instead of E1-TO mode, a shoulder
at about 443 cm-1 appeared which can be attributed to E2-high
mode. Gupta et al.27 have reported experimental observation
of surface phonon modes at frequencies near to 470 cm-1 in
ZnO nanostructures with high surface-to-volume ratio. The band
observed at 469 cm-1 corresponds to the lower surface phonon
mode enhanced due to the high surface-to-volume ratio of
nanotriangles. Similar to the nanorods, the bands at 504 and
543 cm-1 in the triangular structures are tentatively attributed
to the activation of a silent mode and the second order of E2

modes, respectively.
Room temperature PL spectra of the ZnO nanostructures are

shown in Figure 6. The PL spectra of both samples (nanotri-
angles and nanorods) are composed of a UV band located at
about 383 nm (3.24 eV), attributed to recombination of free
excitons, a broad visible emission band attributed to native
defects of ZnO, and a near IR band located at about 765 nm

Figure 4. Variation of morphology of ZnO nanostructures with the
variation of zinc acetate and surfactant molar ratio. Insets show
schematic models of (a) nanotriangle and (b) nanorod growth processes.
Oleic acid molecules are represented by zigzag chains. Surfactant
molecules attached at {100} planes are not shown for simplicity.
Preferential growth directions are indicated by arrows.

Figure 5. Infrared spectra of ZnO (a) nanotriangles and (b) nanorods.
Inset shows the IR spectra in the frequency range where the vibrational
modes of wurtzite ZnO are observed.

Figure 6. Room temperature PL spectra of the (a) ZnO nanotriangles,
and (b) ZnO nanorods. Broad visible emission band is deconvoluted
in several Gaussian functions for further analysis.
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(1.62 eV). It can be seen that the intensity of the excitonic
emission band is higher in nanotriangles, which suggests their
better crystallinity over the nanorods. To analyze the broad
visible emission band in detail, it was deconvoluted into several
Gaussian functions. On deconvolution, a blue band (480 nm,
2.58 eV), a green band (520 nm, 2.38 eV), and a yellow band
(600 nm, 2.07 eV) were revealed. The positions and relative
intensities of these component bands are similar for both the
samples. The broad visible defect emission bands in both
samples are dominated by the green band, which has been
related to the oxygen vacancies (VO) by several authors.28-30

We propose that the green emission band is due to the electronic
transition between a donor level (VO) and an electronic level
generated by zinc vacancies (VZn). As the oxygen vacancies
(VO) and interstitial zinc (Zni) are reported to be the predominant
intrinsic defects in ZnO,31-33 it is feasible that the predominant
visible emission involves such native defects. On the other hand,
there are relatively few reports concerning the origin of blue
emission bands in ZnO. Cheng et al.34 have attributed the blue
emission to VO native defects.

The yellow emission in ZnO has already been attributed to
oxygen excess.30 We believe that the yellow band at 550 nm
involves recombination of an electron located in the conduction
band and a hole at Oi level. Finally, the weak near IR emission
band located at about 765 nm is possibly the second order of
the free exciton (FX) emission, as on decreasing the intensity
of the FX emission in the rod-like sample, the intensity of this
peak reduces.

Conclusions

By adjusting the molar concentration of zinc precursor, ZnO
nanostructures of different morphologies could be grown in a
relatively low temperature thermolysis process using oleic acid
as surfactant. The evolution of morphologies in the process could
be understood by considering the interactions of polar surfactant
with the crystal planes of ZnO at the initial stage of their growth.
While the highly crystalline triangular ZnO nanostructures grow
perpendicular to the [001] direction, the rod-like nanostructures
grow along the [001] direction by stacking (001) planes one
over other. Absence of the E1-TO mode in the ZnO nanostruc-
tures of triangular morphology and the presence of IR-silent
local vibrational modes for both the morphologies are due to
preferred c-axis orientation and the breakdown of translational
symmetry induced by native defects, respectively.

While the appearance of excitonic emission in the PL spectra
for both morphologies indicates their good crystalline quality,
the presence of broad visible emission dominated by the green
emission band indicates the presence of several point defects
like oxygen vacancy (Vo), zinc vacancy (VZn), zinc interstitial
(Zni), and oxygen interstitial (Oi) in the nanostructures.
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