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Nanocrystals of the wide band gap semiconductor zinc oxide of controllable morphologies were synthesized
by a simple thermal decomposition method. The predominating factor in determining the morphology (spheres,
triangular prisms, and rods) was the solvent, selected on the basis of coordinating power. The nanoparticles
were structurally analyzed, and the photoluminescence of each shape was compared. The intensity of the
green band emission, common to many ZnO structures, was found to vary with morphology. The strongest
green band intensity corresponded to the shape with the largest surface/volume ratio and could be attributed
to surface oxygen vacancies. Control over the morphology of ZnO at the nanoscale is presented as a means
to control the green band emission.

Introduction

The semiconductor zinc oxide, ZnO, has numerous applica-
tions, ranging from pigments and rubber additives to optoelec-
tronic devices.1,2 Its wide band gap of 3.4 eV and large exciton
binding energy,∼60 meV, make it a promising material for
UV lasers.3,4 Various synthetic methods have been employed
to create specific nanostructures, such as nanowires,3,5,6 nano-
rods,7,8 nanoparticles,9-11 nanobelts,12 nanotetrapods,13,14 and
more. The ability to control particle morphology is an important
objective in nanocrystal synthesis, as size and shape can
influence various properties.15,16There have been reports of ZnO
morphology control of hundreds of nanometer to micron size
particles,17 and researchers have reported the elongation of
particles into rods at higher precursor concentrations,9 but little
work has been done to produce a generic simple synthetic
method that is morphologically tunable on the tens of nanometer
scale.18-20 We report here a straightforward solution method to
prepare nanotriangles, a new morphology for zinc oxide, as well
as nanorods and nanoparticles (spheres), by only varying solvent.
The products were characterized by X-ray diffraction (XRD)
and transmission electron microscopy (TEM). The effect of
morphology on the photoluminescence (PL) properties is also
investigated.

Experimental Section

The precursor zinc acetate dihydrate (ZnAc2‚2H2O), the
capping agent oleic acid, tech. grade 90% (OA), and the solvents
trioctylamine 98% (TOA), 1-hexadecanol 99% (HD), and
1-octadecene tech. grade 90% (OD) were purchased from
Aldrich and used without further purification. In a standard
synthesis, the precursor and capping agent in a 1:1 ratio are
mixed in the solvent of choicesTOA, HD, or OD. It was found
that TOA yields nanorods,7 HD yields nanotriangles, and OD
yields spherical nanoparticles. HD with a small amount of TOA

(5:1 molar ratio) was also tried to improve the triangle
monodispersity, but the nanotriangles appeared the same as those
without the added TOA. The mixture was then heated to 180
°C while stirring and degassed for 1 h to remove any water
from the system. After the hour, the solution was heated under
nitrogen to 286-300°C. The solution turned cloudy with TOA,
or white with the other solvents, when the nanocrystals formed.
At this point, the heating was stopped. Upon cooling, the
solution was centrifuged, and the nanoparticles were washed
repeatedly and redispersed in hexane or chloroform.

The nanocrystals were characterized by XRD (Inel Multi-
purpose diffractometer) and TEM (JEOL 100cx). For XRD, the
nanocrystal solution was drop cast onto a silicon wafer, and
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Figure 1. XRD spectra of zinc oxide (a) nanotriangles, (b) spherical
nanoparticles, and (c) nanorods.
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the XRD spectrum was recorded. For TEM, a drop of the
nanocrystal solution was placed on a 400 mesh carbon grid with
Formvar. Photoluminescence (PL) spectroscopy was performed
at room temperature (RT), using the 325 nm emission from a
He-Cd laser (the maximum excitation intensity,Imax ≈ 28
W/cm2). Neutral density filters were used to change the
excitation intensity. The solution with nanocrystal was kept in
a quartz cell.

Results and Discussion

The XRD pattern of each nanocrystal shape matches the
standard bulk wurtzite structure (P63mc, JCPDF No. 36-1451),
as shown in Figure 1. The intensity of the peaks in the nanorod
sample differs from the bulk due to the larger number of planes
along the long axis of the rod as compared to the diameter.7

The relative intensity of the peaks in the XRD spectra of the

nanotriangles and spherical nanoparticles matches the bulk,
signifying no preferred orientation. This seems to indicate that
the nanotriangles are not thin plates, which would give rise to
preferred orientation for reasons similar to the nanorods, but
more like prisms or pyramids. The triangular samples prepared
with TOA and without yielded the same XRD spectra.

TEM images of the prepared samples are shown in Figure 2.
In Figure 2a, the sample prepared in trioctylamine (TOA) shows
nanorods, which self-assemble into stacks and have a diameter
of 2 nm and lengths ranging from 40 to 50 nm. Figure 2b shows
the sample prepared in hexadecanol (hexadecanol with a small
amount of TOA produced the same result), which yielded
nanotriangles with a side length ranging from 13 to 21 nm. Note
the tendency to self-assemble. This unique shape might provide
for interesting superstructures. Figure 2c shows the spherical
nanoparticles prepared from octadecene (OD) with a diameter

Figure 2. TEM images of zinc oxide with a corresponding representative model (a) nanorods, prepared in TOA, (b) nanotriangles (triangular
prisms), prepared in HD, and (c) spherical nanoparticles, prepared in OD.
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range of 12-14 nm. Below each TEM picture appears a
corresponding model, with planes labeled. The triangular model
represents the likeliest structure for the shape. Tilting experi-
ments (Figure 3) were performed to determine the three-
dimensional shape of the nanotriangles. Retention of the
triangular shape gives evidence in favor of the equilateral
triangle shape over the pyramidal shape for the three-
dimensional morphology.21,22

The nature of the solvents and the particle growth in the
solvents can be used to explain why each solvent gives rise to
its particular morphology. Crystal morphology is determined
by the relative growth rates of the crystal planes, which can
differ greatly due to differences in surface free energies.23,24 It
has been reported that varying the capping agent or ratio of
capping agent to precursor has changed particle morphology in
a number of systems, due to the varying ability to stabilize
certain planes.25-27 In our system, the ratio of capping agent to
precursor was held constant, and the solvent was changed,
indicating that the different solvents play significant roles in
stabilizing specific crystallographic planes of the growing
nanocrystal. A common synthetic method for rod formation is
to use two different capping ligands that selectively bind to
different planes, thus creating a difference in surface energies
between planes and encouraging growth along one direction.27

We found that nanorods formed in the presence of trioctylamine
(TOA) and oleic acid. It is believed that trioctylamine is a
relatively strong coordinating solvent and can also act as a
ligand. Thus, it is most likely the combination of the two ligands
(TOA and oleic acid) that supports rod growth, with growth
parallel to the rod axis greatly inhibited by ligand binding to
the surface corresponding to the{11-20} plane and other planes
commensurate with this geometry. When the solvent was
switched from trioctylamine to octadecene, spherical nanopar-
ticles formed. Octadecene is not a coordinating solvent, so no
one crystal plane was favored as a growth direction. It seems
that, as a result of this, the particles grow in a spherical shape,
which minimizes surface area.27 The last solvent selected,
hexadecanol, is a moderately coordinating solvent and can be
thought of as a relatively weak ligand. Unlike the rods, growth
in all but one direction is not inhibited. Nevertheless, we surmise
that the combination of oleic acid and the mild coordinating
power of the solvent result in growth along preferred planes,
giving rise to the faceting required for nanotriangle growth.

The room temperature (RT) PL spectra of nanotriangles and
spherical nanoparticles obtained using the maximum excitation
in this experiment are shown in Figure 4 (the RT PL spectrum
of nanorods7,28 is also plotted in Figure 5 for comparison). In
all cases, the PL is dominated by the near-band-edge UV
emission (3.30 and 3.19 eV for nanotriangles and spherical
nanoparticles, respectively). No peak energy shifts were ob-
served upon varying the excitation intensity by about 2 orders
of magnitude (see Figure 5a,b). Although no structural difference
between nanotriangles synthesized in just hexadecanol and those
formed in TOA/hexadecanol was observed in the XRD or TEM,
in the PL spectra, a difference is evident. The origin of the UV
peak in these nanocrystallites is not well understood and can
be attributed to either excitonic or defect-related emission and
might depend on the synthesis method.29 Here, we observe that
the UV peak for spherical nanocrystals is comparatively
redshifted by about 200 meV and, thus, might be due to surface
defects.29 In addition to the UV peak, the spectrum of the
nanotriangles synthesized from only hexadecanol reveals a weak
broad green emission, while the nanotriangles synthesized from
TOA/hexadecanol and the spherical nanoparticles do not exhibit
any significant luminescence in this spectral region. The
nanorods, however, exhibit a large broad green band. For further
comparison, we note that the green PL of nanotriangles from
pure hexadecanol becomes more pronounced at lower excitation
intensities, and its intensity grows comparable with that of the
UV peak (Figure 5a). On the contrary, for the nanotriangles
synthesized from TOA/hexadecanol and the spherical nanopar-
ticles, no significant green emission can be observed even at
the lowest excitation intensity (Figure 5b).

It has been suggested that the green band emission is due to
deep levels, far from the valence or conduction band edge,
associated with various types of oxygen vacancies in ZnO,30-38

and that photogenerated holes participate in such a recombina-
tion.28 The photoluminescence due to the deep levels becomes
more pronounced with decreasing excitation as the quasi-Fermi
levels move toward the mid-gap, and it should ultimately
dominate if concentration of such defects is sufficiently high.
It is known in the case of semiconductor nanocrystals that single
crystal annealing temperatures are suppressed (it is relatively
easy to grow a single crystal of a few nanometers in this
temperature range), and that it is believed a majority of defects
lie at the surface or interface with the ligand capping groups

Figure 3. TEM images of ZnO nanotriangles at various degrees of
tilt. The degree of tilt is indicated in the top left-hand corner. At all
angles, the shape remains triangular. Figure 4. The RT PL spectra of ZnO (a) nanotriangles synthesized in

pure hexadecanol, (b) nanotriangles prepared from TOA/hexadecanol,
(c) spherical nanoparticles, and (d) nanorods.
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that have arrested growth. To evaluate contributions to the
emission spectra as a function of nanocrystal morphology, we
make the assumption that surface defects play a significant role.
A calculation of the aspect ratio of each nanoparticle shape
reveals that nanorods, with their extremely small diameter, have
the largest surface area-to-volume ratio. Due to size, the
spherical nanoparticles have the lowest ratio, and the nanotri-
angles fall in between. Correspondingly, the intensity of the
green band for each morphology follows the same order; the
nanorods have the strongest green band, the nanotriangles in
pure hexadecanol have mild green emission, and the spherical
nanoparticles have none. Thus, our results suggest that the green
band is due to radiative recombination between free holes and
the donor surface states, and therefore, the nanoparticle shapes
with larger surface area/volume ratios (more surface than inside)
will exhibit stronger green band emission. The exact origin of
the green band observed in ZnO is still controversial, and, at
least, in nanocrystals, its origin can depend on the fabrication
technique.39 While the bulk origin of the green PL cannot be
completely disregarded, recently, Harada and Hashimoto40 have
presented strong evidence that the green band even in bulk ZnO
might originate from the surface states, supporting our results.

Oxygen vacancies (as mentioned above) are the most often
suggested defects.30-38 We believe that the absence of the green
band in the PL from the nanotriangles synthesized in TOA/
hexadecanol supports this assumption. It is possible that TOA
removes the hydrogen from the oleic acid (deprotonation),
leaving a characteristic carboxylate anionic headgroup, which
then allows the oleic acid to behave as a bidentate ligand,
coordinating to Zn2+, and filling any surface oxygen vacancies.
One might postulate that this would then result in nanotriangles
with much fewer surface oxygen vacancies and, therefore, no
green band. However, the nanorods are also synthesized in TOA,
and do exhibit a broad green band. In this system, TOA is the
only solvent (unlike the case of the nanotriangles, in which HD
is the primary solvent), plus the resulting product (rods) has a
significantly larger surface area/volume ratio (rod diameter is
∼2 nm), which may mean, given so many of the atoms are at
the surface, that oxygen vacancies cannot be compensated for.
Direct comparisons between the photoluminescence for the
triangle and spheres are reasonable because of the similarities
between surface area/volume ratios and the synthesis methods

employed, whereas it is harder to make the same comparison
with the rods. The behavior of the two different solvent/ligand
systems, TOA/oleic acid and TOA/HD/oleic acid, and the
respective products remain an interesting subject for further
investigation.

Conclusion

In conclusion, we have developed a straightforward synthetic
procedure to prepare zinc oxide nanocrystals of controllable
morphology (spheres, rods, and triangular prisms) by selection
of solvent. The nanotriangle shape, observed in other systems,
is a novel shape for zinc oxide. The nanocrystals remain ligand-
capped, are easily dispersed in hydrocarbon solvents, and show
a tendency to self-assemble upon evaporation onto substrates.
Photoluminescence measurements indicated that the green band
emission is associated with surface defects and shows a strong
dependence on morphology, with suppression of the green band
emission in the case of spherical nanoparticles (prepared in
octadecene) and nanotriangles prepared in TOA/hexadecanol.
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