
Nanoscale

PAPER

Pu
bl

is
he

d 
on

 1
0 

Ju
ly

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 a

t B
uf

fa
lo

 L
ib

ra
ri

es
 o

n 
22

/0
7/

20
13

 0
1:

58
:0

4.
 

View Article Online
View Journal
Department of Chemical and Biological En

Buffalo, NY 14260, USA. E-mail: swihart@b

† Electronic supplementary informa
10.1039/c3nr02571c

Cite this: DOI: 10.1039/c3nr02571c

Received 18th May 2013
Accepted 5th July 2013

DOI: 10.1039/c3nr02571c

www.rsc.org/nanoscale

This journal is ª The Royal Society of
A general single-pot heating method for morphology,
size and luminescence-controllable synthesis of colloidal
ZnO nanocrystals†

Xin Liu and Mark T. Swihart*

Here we demonstrate a single-pot heating approach for controllable synthesis of colloidal zinc oxide

nanocrystals from zinc acetylacetonate. Such single-pot heating approaches are inherently amenable to

large scale production. We have systematically studied the crystallization process, investigating the

growth of nanocrystals and the influence of ligands on the morphology and luminescence of ZnO

nanoparticles. We show that the morphology can be tuned to produce dendritic structures, nano-

needles, nano-pinecones, nanoclusters, hexagonal pyramid nanoparticles and irregularly-shaped

nanoparticles by varying the surfactants and co-surfactants used in synthesis. Moreover, we investigated

the effect of ligands on the defect-related photoluminescence of ZnO NPs and demonstrated blue,

green, white, yellow, and orange emission. This study opens up new possibilities for the practical use of

ZnO nanomaterials for optoelectronic devices and bio-imaging.
Introduction

Semiconductor nanocrystals have attracted much interest over
the past two decades, due to their distinct and useful physical
properties.1–4 They have many potential applications, ranging
from biological labeling5,6 to photovoltaic devices.7–10 Zinc oxide
is a semiconductor with a wide band gap (3.37 eV)11,12 and large
exciton binding energy of 60 meV.13 Doped ZnO can exhibit
efficient photoluminescence at various visible wavelengths,14

and heavily-doped ZnO can exhibit plasmon resonance.15–17 ZnO
is of interest for diverse electronic and optical applications
including solar cells,18–20 piezoelectric generators,21 eld-effect
transistors,22 and UV lasers.23 Moreover, ZnO is relatively
biocompatible and therefore amenable to use in bioimaging24,25

and related applications.
Both size and shape are key factors inuencing the proper-

ties of semiconductor nanocrystals. Therefore, control of
morphology and size during synthesis is of great interest. A
valuable general approach to synthesizing semiconductor
nanocrystals is thermolysis of precursors in high-boiling-point
organic solutions.1,26 In this approach, several factors play
important roles in determining nanocrystal morphology and
size.27,28 These include concentration of monomers,29 precursor
structure,30 identity of ligands,31–33 temperature,34,35 and reac-
tion modality (e.g. hot-injection vs. a single-pot heating
approach). The size distribution of semiconductor nanocrystals
gineering, University at Buffalo (SUNY),
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particularly sensitive to the concentration of monomer in the
solution from which they are synthesized.36 Typically, an initial
high concentration generates a burst of nucleation.37 If this is
followed by growth at lower concentration29 where further
nucleation does not occur, then narrowing or “focusing” of the
size distribution is possible.26,38 Depletion of monomer during
the growth stage can induce Ostwald ripening which broadens
the size distribution.39 Ligands play a critical role through
interactions with both monomers and particles during the
process of forming nanocrystals.31 For example, Peng et al.31

synthesized both isotropic and anisotropic CdTe nanocrystals
by employing different surfactants and their combinations. The
bonding strength of such ligands to monomers can signicantly
inuence the activity of monomers in solution, providing an
effective concentration (i.e. activity) lower than the actual
concentration. When the activity of monomer is high enough,
anisotropic shapes such as nanorods, tetrapods and dendritic
structures may form. These are generally non-equilibrium
structures whose shape is governed by the kinetics of growth on
different crystal facets. By combining ligands in a one-pot
reaction, the distinct selectivity and varied bonding strength of
ligands to different crystal planes can be used to control the
growth kinetics and form anisotropic nanostructures.

In materials with two crystalline polymorphs of comparable
stability, crystal phase plays a central role in controlling the
growth of anisotropic structures. For example, the landmark
work of Manna et al.40 clearly showed that CdSe tetrapods grow
with a zincblende core and wurtzite arms, and that both wurt-
zite and zincblende can co-exist in CdSe nanorods. Some other
anisotropic CdSe structures (arrows, etc.) were predominantly
wurtzite. For ZnO, the cubic polymorph is signicantly less
Nanoscale
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stable than the hexagonal polymorph (wurtzite or zincite
structure). We did not see any evidence of cubic ZnO in this
study, and therefore believe that phase behaviour is not an
important factor controlling shape evolution in this particular
system.

Recently, various methods have been explored for obtaining
nanoscale ZnO with diverse morphologies including hexagonal
pyramids,41 nanobelts,42 nanowires,23,43 nanotubes,44,45 nanor-
ings,46 and nanorods.47,48 Physical methods,46,49 especially
growth of anisotropic ZnO on different substrates, are widely
used for preparing one-dimensional nanostructures such as
nanowires and nanotubes. For obtaining substrate-free nano-
crystals, however, chemical solution methods involving ther-
molysis of zinc precursors in the presence of surfactants are
used. Zinc acetate50 and zinc stearate28 have been widely used in
ZnO nanocrystal synthesis. These precursors interact with
organic surfactants such as oleylamine to form Zn–ligand
complexes that can be thermally decomposed to generate ZnO
nanoparticles. Metal ions chelated with acetylacetonate ligands
are extensively employed as precursors for synthesizing
magnetic nanoparticles51–53 of materials including iron oxide,53

core–shell iron@iron oxide,54 cobalt,55 nickel and nickel oxide,52

and MFe2O4 (M ¼ Co, Mn).51 In particular, synthesis of iron
oxide and other ferrite nanoparticles from acetylacetonate
precursors can produce very uniform nanoparticles using
single-pot heating protocols. Based on this success, zinc acety-
lacetonate (Zn(acac)2) is also a precursor of interest for ZnO
nanocrystal synthesis.51,53

In this report, we demonstrate a general single-pot heating
protocol to synthesize ZnO nanoparticles from Zn(acac)2. We
demonstrate the preparation of particles of controlled size and
shape, in most cases without relying on rapid hot injection and
mixing. With zinc acetylacetonate as precursor, we systemati-
cally studied different combinations of organic ligands
impacting the morphology, size and photoluminescence
spectra of ZnO nanocrystals. In contrast to the popular hot-
injection method of preparing nanocrystals, this direct single-
pot heating method is simpler and much more amenable to
scale up. While hot-injection approaches are quite sensitive to
the details of mixing during and following injection, the one-pot
heating up approach is less sensitive to details of mixing, and
simply requires sufficient mixing to maintain a uniform
temperature, which is achievable even at very large scale.
Experimental section
Chemical reagents

Zinc(II) acetylacetonate (Zn(acac)2, Sigma Aldrich), oleylamine
(80–90%, Fisher Scientic), trioctylphosphine oxide (TOPO,
technical grade 90%, Sigma Aldrich), oleic acid (technical grade
90%, Fisher Scientic), trioctylamine (98%, Sigma Aldrich),
octylamine (99%, Sigma Aldrich), benzyl ether (99%, Sigma
Aldrich), phenyl ether (99%, Sigma Aldrich), 1,2-hexadecanediol
(technical grade, 90%, Sigma Aldrich), dodecanethiol ($98%,
Sigma Aldrich), octanethiol ($98.5%, Sigma Aldrich), and
octadecanol (99%, Sigma Aldrich) were used as received.
Nanoscale
Synthesis of dentritic branched ZnO nanostructures

300 mg Zn(acac)2 was mixed with 7 mL benzyl ether, 2.2 g TOPO
and 735 mg hexadecanediol in a 100 mL three-neck ask and
heated. The solution was heated to 285 �C or 300 �C at a rate of
15 �Cmin�1 and held at constant temperature for 70 minutes to
produce branched ZnO nanostructures. Nanocrystals prepared
at higher temperature showed improved crystallinity. Crystal
splitting was observed during synthesis and the shape evolution
was studied by stopping the reaction at different time points.
Fan-like ZnO nanostructures were synthesized by quickly
injecting the premixed 735 mg hexadecanediol and 2 mL benzyl
ether into 263 mg Zn(acac)2 dissolved in 1.93 g TOPO at 290 �C
and maintaining this temperature for 70 min. Other reaction
conditions were the same as those used to synthesize branched
ZnO nanostructures.
Synthesis of hexagonal pyramid ZnO nanoparticles

150 mg Zn(acac)2, 1.13 mL oleylamine, 0.54 mL oleic acid,
10 mL phenyl ether and 1.47 g hexadecanediol were mixed
together. The solution was heated to 260 �C a rate of 15 �C
min�1. The solution was kept at 260 �C for 25 min.
Synthesis of cluster-like ZnO nanocrystals

150 mg Zn(acac)2 was dissolved directly in 7 mL oleylamine and
1.08 mL oleic acid at 120 �C and the solution was stirred for 1 h.
Aer adding 367 mg hexadecanediol, the solution was rapidly
heated to 300 �C. Upon removal of the heating mantle, the
temperature dropped to 265 �C where it was held for 3.5 min.
Synthesis of needle-like and pinecone-like ZnO
nanostructures

300 mg Zn(acac)2, 3.5 mL trioctylamine, 0.72 mL oleic acid and
367 mg hexadecanediol were loaded in a three-neck ask at
room temperature. Then the solution was heated to 298 �C at a
rate of 20 �C min�1. The system was maintained at this
temperature for 70 min then cooled gradually to 50 �C. Needle-
like ZnO nanostructures were then precipitated by adding
ethanol or methanol followed by centrifugation and re-disper-
sion in chloroform or hexane. Cone-like ZnO nanostructures
were obtained upon increasing the scale of this synthesis by a
factor of three (900mg Zn(acac)2 10.5 mL trioctylamine, 2.16mL
oleic acid and 1.10 g hexadecanediol) while otherwise using the
same nominal reaction conditions and procedures.
Synthesis of 9–10 nm ZnO nanoparticles

200 mg Zn(acac)2 was mixed with 7 mL benzyl ether, 2.2 g TOPO
and 763 mg octadecanol. Upon heating to about 120 �C, this
mixture became transparent. It was then rapidly heated to
295 �C. The solution was held at this temperature for 40 min
then allowed to cool gradually to 50 �C.
Synthesis of 2–3 nm ZnS nanoparticles

150 mg Zn(acac)2 was mixed with 7 mL benzyl ether in
the presence of 0.95 mL dodecanethiol and 367 mg
This journal is ª The Royal Society of Chemistry 2013
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1,2-hexadecanediol. The mixture was then heated rapidly to
260 �C at a rate of 20 �C min�1 and held at that temperature
for 50 min.
Separation and purication of ZnO NPs

ZnO NPs were collected by adding ethanol to destabilize the
dispersion, then centrifuging at approximately 8000 � g. As-
collected ZnO NPs were redispersed in hexane or chloroform.
Ethanol was added to the solution and ZnO NPs were again
collected by centrifugation. The procedure was repeated twice in
order to adequately remove unreacted precursor and surfactants.
Characterization

Transmission electron microscopy (TEM). The morphology
and size of ZnO nanocrystals were determined by transmission
electron microscopy (TEM) using a JEOL JEM-2010 microscope
at a working voltage of 200 kV. Samples were prepared for
imaging by dropping the dilute ZnO NP dispersion onto a
carbon-coated copper TEM grid (Ted Pella, 1822-F) and allowing
excess solvent to evaporate.

Selected area electron diffraction (SAED). SAED patterns
were obtained in the same JEM-2010 microscope.

X-ray diffraction (XRD). The crystal structure of ZnO nano-
cyrstals was determined using X-ray diffraction (XRD, Bruker
Ultima IV with Cu Ka X-ray source). The samples were prepared
by drop-casting highly-concentrated colloidal ZnO nanocrystal
dispersions on glass substrates and evaporating the solvent.

UV-vis-NIR spectroscopy. Optical absorption of ZnO nano-
particles was measured using a Shimadzu 3600 UV-visible-NIR
scanning spectrophotometer.

Photoluminescence spectroscopy. Photoluminescence (PL)
spectra were measured using a Fluorolog-3 spectrouorometer
Fig. 1 (A and B) TEM images showing the morphology of dendritic branch-like ZnO
diffraction (SAED) pattern demonstrating the crystallinity of the nanostructures. (C a
ZnO nanostructures synthesized at 300 �C. The (1,0,1) crystal planes are clearly visible
the images.

This journal is ª The Royal Society of Chemistry 2013
(Jobin Yvon). The excitation wavelength was set to 365 nm and
the emission was scanned from 400 nm to 800 nm.
Results and discussion
Dendritic branched and fan-like ZnO nanostructures

TEM images of dendritic, branched ZnO nanostructures
synthesized by thermolysis of 300 mg Zn(acac)2 in the presence
of 2.2 g TOPO, 7 mL benzyl ether and 735 mg hexadecanediol at
285 �C and 300 �C, are shown in Fig. 1. Upon reducing the
concentration of zinc precursor to 150 mg, under otherwise
identical conditions, no such branched nanostructures were
observed. Instead ZnO nanoparticles were formed in high yield.
Selected-area electron diffraction (SAED) showed that the ZnO
nanoparticles produced at lower Zn(acac)2 concentration were
amorphous or semi-crystalline (Fig. S1†).

Moreover, amorphous ZnO NPs were generated whenever
the reaction temperature was less than 250 �C. The crystalliza-
tion process is impacted by both thermodynamic and kinetic
factors, two of which are concentration and temperature. From
a thermodynamic perspective, there exists a critical radius
above which a particle nucleus is stable, determined by the
Gibbs energy change for going from precursor to solid and by
the surface energy of the solid (as modied by any surfactant
adsorbed to that surface). The critical radius decreases with
both increasing concentration of monomer and increasing
temperature. Our observation that there exists a minimum
activation temperature and critical precursor concentration to
trigger the reaction is consistent with this basic theory of
nucleation. We investigated the time-dependent growth of
dendritic branched ZnO nanostructures by quenching the
reaction at different time points. Fig. 2A shows the time-
dependent morphological evolution of ZnO nanostructures
nanostructures prepared at 285 �C. The inset in (A) shows a selected area electron
nd D) TEM and (E and F) HRTEM images showing the morphology of branch-like
in the HRTEM images. Insets in (E) and (F) are the fast Fourier transforms (FFTs) of
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Fig. 2 (A) Shape evolution induced by crystal splitting, illustrated through TEM
images at increasing reaction times. (B) XRD patterns of branched ZnO nano-
crystals at different reaction times.

Fig. 3 TEM image of ZnO nanocrystals with fan-like morphology. The inset is the
selected-area electron diffraction (SAED) pattern.

Fig. 4 (A) TEM image of ZnO hexagonal pyramids 6–10 nm in diameter. (B)
HRTEM image showing the triangular morphology corresponding to NPs lying on
their side and (C) hexagonal shapes attributed to NPs standing up. Panels (D) and
(E) show a side-view and top-view, respectively of a ball-and-stick model of a
wurtzite ZnO hexagonal pyramid nanocrystal. The base of the pyramid is a [0,0,2]
plane. Zn atoms are grey, O atoms are red.
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synthesized at 300 �C. ZnO NPs show poor crystallinity at
reaction times less than 17 min. These amorphous particles
appear to be a metastable precursor from which the crystalline
dendritic particles form. Aer 40min, a few crystalline dendritic
particles mixed with a large amount of amorphous particles are
observed. With increasing aging time, the amorphous particles
gradually disappear and the crystalline dendritic particles grow.
This phenomenon is similar to the synthesis of Bi2S3 sheaf
nanostructures reported by Alivisatos' group.56 As in that work,
the formation of anisotropic ZnO nanostructures could be
attributed to crystal splitting at high crystal growth rates. This
occurs at monomer concentrations and temperature above
some critical value that varies from material to material.56

Moreover, further splitting of dendritic ZnO nanostructures was
observed with increased reaction time.54 High-resolution TEM
(HRTEM) showed the (1,0,1) crystal planes in the ZnO nano-
crystals. XRD showed that the nanobranched ZnO grew as the
bulk ZnO wurtzite phase. No obvious changes in the XRD
pattern were observed with increasing reaction time.

Interestingly, we found that fan-like ZnO nanostructures
were formed if we injected 1,2-hexadecanediol into hot Zn-
(acac)2/TOPO solution at 290 �C instead of heating the premixed
Zn(acac)2, TOPO, and 1,2-hexadecanediol. Themixture was then
held at 290 �C for 70 minutes to produce the fan-like structures
shown in Fig. 3. We speculate that, hexadecanediol serves to
increase the crystal growth rate. Thus, its sudden addition could
lead to a burst of multiple crystal splitting events, that would
produce this fan-like morphology. However, further work would
be required to establish whether this proposed mechanism is
operative here.
Nanoscale
6–10 nm ZnO nanocrystals with pyramidal morphology

ZnO nanocrystals with pyramidal morphology were synthesized
by thermolysis of 150 mg Zn(acac)2 in the presence of 1.13 mL
oleylamine, 0.54 mL oleic acid, 10 mL phenyl ether and 1.47 g
hexadecanediol at 260 �C. HRTEM (Fig. 4B) revealed triangular
and hexagonal projections, corresponding to hexagonal
pyramid ZnO NPs lying on their side or standing up, respec-
tively. Fig. 4C shows the hexagonal morphology that was
attributed to such ZnO NPs standing on their bases. Moreover,
HRTEM images indicated that the growth of pyramid was along
[0,0,2] direction corresponding to the c-axis of ZnO wurtzite
crystal structure.

Preparation of nonequilibrium nanostructures in pure
coordinating solvents: cluster-like nanoparticles, needle-like
nanoparticles and nano-pinecone structures

During nucleation, formation of a high concentration of nuclei
can induce fast depletion of monomers. A result of this can be
that the solution phase monomer concentration is too low to
drive anisotropic growth. Anisotropic particles have higher
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 TEM images of (A and B) needle-like ZnO nanostructures and (C and D)
porous pinecone-like nanoparticles.
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chemical potential than spheres or quasi-spherical faceted
shapes. Thus, kinetically-driven anisotropic growth requires a
higher monomer activity (effective concentration) than growth
of isotropic structures. Thus, anisotropic growth can be fav-
oured by high monomer concentration and a low nucleation
rate that does not deplete the monomers in solution. The
monomer activity,31 which represents the effective concentra-
tion, is typically lower than the actual concentration, because
the monomers are complexed with other species in solution.
Thus, in addition to the actual precursor concentration, the
monomer activity in solution is inuenced by both the identity
and concentration of ligands.

We investigated synthesis of ZnO NPs in pure coordinating
solvents (i.e. ligands). ZnO NPs with non-equilibrium cluster-
like morphology were obtained if the reaction was carried out in
mixtures of oleylamine (OAm) and oleic acid (OA), without
phenyl ether (Fig. 5A and B). The activity of the monomers
decreased with increasing concentration of OAm and OA due to
the strong coordination of zinc ions by these species. Lower
monomer activity (at the same actual monomer concentration)
results in lower nucleation rate during in the nucleation stage.
This increased the amount of precursor remaining in solution
aer the initial nucleation burst, which favored anisotropic
growth. We also observed that ZnO NPs with regular hexagonal
shape (Fig. 5C) were formed if the quantity of Zn precursor was
doubled. We suggest that the higher Zn monomer activity in
this case promoted rapid depletion of monomers to a larger
number of nuclei, which le insufficient monomer concentra-
tion in solution to promote anisotropic growth of ZnO NPs.
Instead, Ostwald ripening occurred during the growth stage,
resulting in a broad size distribution of ZnO NPs.

We also tested the combination of trioctylamine (TOA) and
oleic acid (OA) as ligands. ZnO NPs with non-equilibrium nee-
dle-like structure were produced in this case. TEM images
(Fig. 6A and B) revealed the diameter and average length of
as-prepared ZnO nanoneedles were 1–2 nm and 35 nm,
respectively. Interestingly, ZnO NPs with a pinecone shape
(Fig. 6C and D) were produced when the scale of the reaction
was increased. HRTEM (Fig. S2†) revealed the pine-cone NPs
were composed of small ZnO nanocrystals. A similar phenom-
enon has been reported in the synthesis of CdTe tetrapods and
nanorods when the reaction scale was amplied, although the
origin of this effect is not entirely clear.55 This result was
unexpected, in light of the expected scalability of the single-pot
heating approach. We attribute the change in morphology to a
Fig. 5 (A) TEM and (B) HRTEM images of ZnO NPs synthesized in pure OA and
OAm. (C) TEM image showing hexagonal ZnO NPs formed when the Zn(acac)2
concentration was doubled.

This journal is ª The Royal Society of Chemistry 2013
difference in temperature distribution in the solution when the
solution volume was tripled without changing other reaction
parameters such as the ask size, heater power, stirring speed,
or other conditions. This provides a cautionary note that even
though, in principle, simple heating processes should be scal-
able, these nanocrystal synthesis processes can be very sensitive
to the spatial and temporal distribution of temperature, which
must therefore be carefully controlled during scale-up. None-
theless, reproducing the same temperature and concentration
proles in a heating process like that used here will remain
much easier than in a hot injection process, where the effects of
changes in reaction scale are even more pronounced.

Monodisperse 9–10 nm ZnO nanocrystals

Alcohols and diols are used to accelerate decomposition of the
metal acetylacetonate precursor to form metal oxide NPs. 1,2-
Hexadecanediol has been most widely used to synthesize
monodisperse magenetic oxide NPs, and was used in most of
the experiments reported here. In one set of experiments, we
replaced 1,2-hexadecanediol with octadecanol, which is lower in
cost and more widely available than 1,2-hexadecanediol.
However, octadecanol may be less effective in promoting
precursor decomposition, because it has only one hydroxyl
group. Monodisperse 9–10 nm ZnO nanocrystals with irregular
shape (Fig. 7A and B) were obtained by thermolysis of 200 mg
Zn(acac)2 in the presence of 2.2 g TOPO, 7 mL benzyl ether and
736 mg octadecanol at 290 �C. The relatively low precursor
concentration, along with use of octadecanol, reduced mono-
mer activity, producing a lower growth rate, and resulting in
formation of nanoparticles. However, branched ZnO nano-
structures were formed if the Zn(acac)2 quantity was increased
to 300 mg (Fig. S3†). In that case, the higher monomer activity
increased the growth rate and drove formation of anisotropic
ZnO nanostructures, as also observed using 1,2-hexadecandiol.

Investigation of the effect of using alkyl-thiol ligands

Alkyl-thiols are widely used as capping agents for stabilizing
NPs, and thus it was logical to explore their use in ZnO NP
Nanoscale
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Fig. 7 (A) TEM and (B) HRTEM images of 9–10 nm ZnO NPs.
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synthesis under the conditions used here. However, in the
present case, ZnS NPs, rather than ZnO NPs, were produced
when dodecanethiol or octanethiol was used as a ligand. This is
consistent with a previous report of the use of an alkyl-thiols as
sulfur donors for synthesis of semiconductor NCs.57,58 Fig. 8A
and B show the monodisperse ultrasmall ZnS NPs (2–3 nm)
synthesized by heating Zn(acac)2 in the presence of dodeca-
nethiol. Powder XRD (Fig. 8C) conrmed that the NPs consisted
of ZnS.
Photoluminesence of ZnO nanocrystals

Semiconductor nanocrystals are well known for their size-
dependent optical properties. However, for ZnO, size-dependent
photoluminescence cannot be observed at visible wavelengths
because of its large intrinsic band gap (3.37 eV, in the ultraviolet).
Thus, visible luminescence from ZnO is attributed to oxygen
vacancies or other defects. In nanocrystals, surface defect emis-
sion plays a particularly important role, simply because of the
high surface area of the material. If the defect-related emission is
Fig. 8 (A) TEM and (B) HRTEM show monodisperse 2–3 nm ZnS NPs synthesized
by using dodecanethiol as the capping ligand. (C) The XRD pattern of these NPs
shows that they are ZnS and not ZnO.

Nanoscale
both efficient and controllable, then ZnO nanocrystals with
visible luminescence could be competitive with other light-
emitting inorganic nanostructures. ZnO nanocrystals with green,
yellow and orange photoluminescence were reported recently.
These can be synthesized using polymer templates during
synthesis.24

The methods presented here provide a facile method to tune
the luminescence of ZnO nanocrystals to produce different
emission colors, including blue, green and yellow by simply
using different ligands during synthesis. No prominent absor-
bance change around 350–360 nm was observed for products
prepared with different surfactants (Fig. 9). Upon excitation of
the ZnO nanocrystals at 365 nm, photoluminescence was
observed, with a peak wavelength that depended upon the
ligands used during synthesis (Fig. 10).

In pure coordinating solvents i.e. in the presence of oleyl-
amine and oleic acid, the ZnO nanocrystals exhibit green
luminescence with a peak emission wavelength of 495 nm.
Similar blue luminescence with a peak at 445 nm can be
observed for ZnO NPs synthesized using trioctylamine and oleic
acid. For ZnO nanoparticles prepared using oleylamine as
surfactant and benzyl ether as solvent, double emission peaks
appeared at 590 nm and 635 nm. With increasing reaction time,
the intensity of emission near 635 nm increased, changing the
emission color from yellow to orange. This suggests that new
Fig. 9 Optical absorption of ZnO NPs synthesized using different ligands.

Fig. 10 Images and normalized photoluminescence spectra of ZnO nanocrystals
synthesized in the presence of different capping ligands.

This journal is ª The Royal Society of Chemistry 2013
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Table 1 Summary of the morphologies, sizes and luminescence colors of ZnO NCs synthesized under various conditions

Zn(acac)2
(mg) Surfactants

Benzy ether
(mL)

Hexadecanediol
(mg) T (�C)

Time
(min) Morphology

Size
(nm) PL color

300 TOPO 2.2 g 7 735 285–300 70–200 Branch N/A N/A
150 OAm 2.63 mL 7 367 250 40 Particle 5–9 Orange
150 OAm 1.13 mL + OA 0.54 mL Phenyl

ether 10 mL
1470 260 25 Hexagonal

pyramid
6–10 N/A

150 OAm 7 mL + OA 1.08 mL N/A 367 290 20 Cluster-like 20–25 N/A
300 OAm 7 mL + OA 1.08 mL N/A 367 280 20 Particle 15–25 Green
300 TOA 3.5 mL + OA 0.72 mL N/A 367 300 70 Needle-like (D) 1–2 Blue

(L) 35–50
900 TOA 10.5 mL + OA 2.16 mL N/A 1101 300 70 Cone-like 45–50 N/A
150 DDT 0.95 mL 7 367 260 55 ZnS QDs 2–3 Blue
200 TOPO 2.2 g 7 Octadecanol 776 300 40 Particle 9–10 N/A
300 TOPO 2.2 g 7 Octadecanol 776 300 80 Branch N/A N/A
150 Dodecylamine 738 mg 7 367 295 60 Particle 4–6 nm Yellow
150 TOPO 1.55 g + OAm 2.5 mL N/A 735 205 30 Particle 5–6 nm Yellow
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defect states are introduced in this case, at energies deeper
within the band gap. When the reaction time reached 70 min,
the ZnO photoluminescence appeared white (Fig. 10, sample C),
with the emission from the ZnO NPs spanning the visible
spectrum. Addition of oleic acid to the synthesis, while keeping
other reaction conditions constant, caused a blue-shi of the
emission peak to 445 nm. Together, these results indicate that
the luminescence color of ZnO nanocrystals can be controllably
adjusted through the general chemical solution methods
demonstrated here. This, in turn, suggests that the oxygen-
vacancy related defects that are expected to be responsible for
the visible photoluminescence are sensitive to the capping
ligands on the nanoparticles.

Summary of synthesis of ZnO nanostructures

Table 1 summarizes the results of this single-pot heating reac-
tion protocol including the changes in morphology, size and
photoluminescence color achieved by varying reaction
conditions.

Conclusion

In summary, we have presented a general single-pot heating
reaction model to controllably synthesize ZnO nanocrystals
with tunable morphology, size and luminescence color. The
single-pot heating method has advantages over better-estab-
lished hot-injection methods, because it is less sensitive to
details of mixing and therefore more amenable to scale up for
large-scale production. In addition, we developed and demon-
strated methods to tune the visible luminescence of ZnO
nanoparticles through simple adjustment of the composition of
capping ligands used in the synthesis.
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