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3.1 Hz; p-Ph), 134.0 (d, 3(P.C)=112Hz; o-Ph), 183.6 (dd, 2/(P.C) =
16.4 Hz, 2J(P.C)=10.7 Hz; PCCN), 198.9 (d, 2J(P.C) =79 Hz; cis-CO),
202.5 (d, 2J(P,C) =23.4 Hz; trans-CO); *P{'"H} NMR (81.0 MHz, CDCl;,
25°C, ext. 85% H,PO,): 0=46.4 (d, “/(PP)=>5.1 Hz; PPh,), 159.8 (d,
1J(W,P) =260.9 Hz; PW).
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Self-Assembly of ZnO:
From Nanodots to Nanorods**

Claudia Pacholski, Andreas Kornowski, and
Horst Weller*

Bottom-up techniques for the fabrication of small particles,
which mostly arise from colloid chemistry, are integral
components in nanotechnology and materials manufacturing.
Control of particle size, shape, and crystalline structure
represent some of the key issues in this area. Classical models
describe the genesis of particles by the formation of tiny
crystalline nuclei in a supersaturated medium followed by
crystal growth. The latter process is controlled by mass
transport and by the surface equilibrium of addition and
removal of individual monomers, that is atoms, ions, or
molecules. Hereby, the driving force for monomer removal
(dissolution) increases with decreasing particle size. Thus,
within an ensemble of particles with slightly different sizes the
large particles will grow at the cost of the small ones. This
mechanism is called Ostwald ripening and is generally
believed to be the main path of crystal growth.

A different view of crystal growth is emerging from recent
experiments by Penn and Banfield.'"3l They observed that
anatase and iron oxide nanoparticles with sizes of a few nm
can coalesce under hydrothermal conditions in a way they call
“oriented attachment”. In the so formed aggregates, the
crystalline lattice planes may be almost perfectly aligned or
dislocations at the contact areas between the adjacent
particles lead to defects in the finally formed bulk crystals.
They presented strong evidence that this type of crystal
growth plays an important role in earth history during mineral
formation. Oriented attachment was also proposed by other
authors during crystal growth of TiO,* and for micrometer-
sized ZnO particles during the formation of rodlike ZnO
microcystals.’! The latter experiments give, however, only
indirect evidence.

Self-assembly of colloidal particles into larger aggregates is
not principally new. The formation of secondary particles with
typical sizes in the micrometer regime is a well-known
phenomenon in classic colloid chemistry.[) Kinetic models
for this type of growth have been developed which do,
however, not consider the process on an atomic level nor give
attention to crystallographic orientation of the aggregated
particles. Indeed, the X-ray diffraction (XRD) pattern of
those secondary particles usually indicate polycrystalline
morphology.

Recently, self-assembly of ligand-stabilized nanoparticles
with sizes of a few nanometer into two- and three-dimen-
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sionally ordered arrays has been reported.l”) In these experi-
ments, however, self-assembly is mainly driven by the
interactions of the organic ligands rather than by the
interaction of the particle cores. Contrarily self-assembled
“oriented attachment” was only observed for ligand-free
nanoparticles.

Recently, rodlike semiconductor and metal nanoparticles
have attracted considerable attention. There are, however,
only a few examples reported where those nanorods could be
prepared in a controllable manner using evaporation or
colloido-chemical techniques.[*'*] Materials such as ZnO, Co,
Au, and CdSe were used for the rods. Rod formation requires
anisotropic crystal growth which is usually realized when
the free surface energies of the various crystallographic
planes differ significantly. For wet chemical synthesis Puntes
et al. recently showed that this could be realized in the case
of CdSe and Col™ by using two different surface ligands,
which probably bind selectively to the respective surface
planes.

We report here the formation of high-quality single
crystalline ZnO nanorods which is based on oriented attach-
ment of preformed quasi-spherical ZnO nanoparticles. The
growth from individual particles by crystallographically
oriented and partially fused dimers and oligomers to almost
perfect rods is monitored by high-resolution transmission
electron microscopy (TEM) and XRD.

ZnO nanoparticles were prepared from zinc acetate
dihydrate in alcoholic solution under basic conditions.!'®]
The procedure is a modification of the method developed
by Henglein et al.l'l We found that the shape of the ZnO
particles was very sensitive to the overall concentration of
precursors. At a zinc acetate dihydrate concentration of below
0.01M quasi-spherical particles were formed, whereas mainly
nanorods were formed at 10 times higher concentrations.
Similar observations were reported by Vergés et al. for the
formation of rodlike microcrystals.!

To learn more about the growth mechanism, we have
performed the experiments in a different way. We first
prepared a sol of quasi-spherical particles at low concentra-
tions (0.01M, starting sol), increased the particle concentration
in a second step by solvent evaporation, and finally refluxed
these colloidal solutions for different lengths of time. Rod
formation occurred exclusively during the final heating step,
that is from already formed quasi-spherical particles. All
experiments described in hereafter were performed under
these conditions. The particles of the starting sol are depicted
in the TEM image in Figure 1 A. An average particle size of
approximately 3 nm is seen and it is assumed that facetted
crystalline surfaces are already present, but not detectable by
high-resolution TEM due to the small size and relatively low
contrast of ZnO. The corresponding powder X-ray diffracto-
gram is depicted in Figure 2 (curve A). It exhibits the typical
size-broadened reflections from wurtzite-type ZnO. Scherrer
line width analysis of all shown peaks yields particle diameters
around 3 nm which is consistent with the TEM images.
Increasing the particle concentration by a factor of 10 by
evaporation of the solvent at room temperature resulted in a
particle growth from 3 nm to 5 nm without, however, chang-
ing the shape of the particles. The same effect was observed
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40 nm

Figure 1. TEM images of ZnO. A) starting sol; B) after one day of reflux of
the concentrated sol. The insets show high-resolution TEM images of
individual nanoparticles.

20 /deg

Figure 2. X-ray diffractogram of the ZnO starting sol (A) and after one
day of reflux (B).

after reflux of the starting sol for 8 h before the concentration
step. Such a gradual growth of quasi-spherical ZnO particles
upon aging was also observed and explained by Ostwald
ripening.['® 11 Refluxing, however, the concentrated solution
yields rodlike nanoparticles. An increase in the heating time
mainly leads to an increase of the elongation of the particle
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along the c axis. After refluxing for one day, single crystalline
nanorods with average lengths of 100 nm and widths of
approximately 15 nm were formed (Figure 1B).2! In the
corresponding XRD image (curve B, Figure 2) the 002
reflection has strongly sharpened up which is consistent with
rod formation along the ¢ axis. More details about the XRD
investigations including solution XRD measurements and
simulations are given in the Supporting Information.
Detailed TEM investigations in an early stage of rod
formation (reflux for 2 h) are shown in Figure 3. At low
magnification (Figure 3 A) aggregated quasi-spherical parti-
cles are recognized beside already formed short rods. Most of
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Figure 3. A) TEM image of the concentrated solution after reflux for 2 h;
B)-D) high-resolution TEM images of dimers formed by oriented attach-
ment; E) oligomer structure of several nanoparticles fused after oriented
attachment.

the aggregated particles form pearl-chain-like structures.
High-resolution TEM images of a series of aggregated
particles are shown in Figure 3B —D. It is seen that the lattice
planes of the depicted particles are almost perfectly aligned.
Moreover, one recognizes that the lattice planes go straight
through the contact areas, that is the particles are epitaxially
fused together; bottlenecks between the adjacent particles are
still visible. In the majority of images we see oriented
attachment along the ¢ axis (002), but we also find examples

1190 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

of lateral oriented attachment parallel to the ¢ axis. In some
cases one can even observe how the individual particles are
aligned like a wall, where the second layer of bricks is just
started to be put on the first (Figure 3E). The observed lattice
planes in these images are the 002 or 100, which lie
perpendicular or parallel to the ¢ axis, respectively. In all
images the longest extension of the aggregates is manifested
in the direction of the c axis. More examples are shown in the
Supporting Information. We do not observe oriented attach-
ment in all aggregated particles. If, however, the particles are
fused together, the lattice planes are aligned relative to each
other. Thus, oriented attachment seems to be the prerequisite
for the condensation step leading to crystallite fusion under
our experimental conditions.

This type of oriented attachment implies that the aspect
ratio of the rods should peak at integer numbers, at least in an
early stage of growth, where the width of the rods is almost
identical to the diameter of the particles in the concentrated
starting sol. This is indeed observed as shown in the histogram
in Figure 4.2

80+
60+
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Figure 4. Histogram (with n=frequency) showing the aspect ratio r
(length/width) of 2000 ZnO nanorods at an early stage of growth (2h
reflux). The width of the rods at this stage is almost identical to the
diameter of the quasi-spherical nanoparticles.

In summary the presented experiments provide strong
evidence that oriented attachment of preformed quasi-
spherical ZnO nanoparticles is a major reaction path during
the formation of single crystalline nanorods under the
described conditions. In the finally formed rods the bottle-
necks between the adjacent particles must have been filled up
and the surfaces parallel to the ¢ axis must somehow have
been smoothened. We believe that this occurs by conventional
mechanism of dissolution and growth of monomers, which
might also result in an overall growth of the rods, especially
after long times of reflux. In this sense, Ostwald ripening does
not only compete with, but assists the growth process by
oriented attachment in order to yield finally high-quality
rodlike nanocrystals.

Presently we can only speculate why oriented attachment
preferentially occurs along the ¢ axis (although it also happens
along other crystal orientations). One reason might arise from
the wurtzite structure itself. If complete 002 planes are
formed, their reactivity should be different at the bottom and
the top of the c axis, since one of these layers is formed by zinc
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and the other by oxygen. In alkaline water-containing
solutions, this situation will partially be altered by the
adsorption of OH~ or H,O. Zn and O atoms are located in
an alternating manner in the 100 planes parallel to the ¢ axis.
Thus, hydroxylation and therefore also counterion adsorption
should be different. Different amounts of counterions or
different surface charges could hinder or favor oriented
attachment which requires an intimate contact of the respec-
tive surface planes. Also the acetate ions from the precursor
salt might act in this sense. A similar role of counterion
adsorption is currently also discussed for crystal growth
during biomineralization.??!

We believe that oxide nanoparticles are very favorable for
oriented attachment for two reasons: first, organic ligands,
which prevent intimate contact of crystal planes, are usually
not needed for stabilization; and second, crystalline fusion of
correctly attached particles does not only lead to a gain in
lattice-free energy but also in free energy of polycondensa-
tion.

The presented growth mechanism offers an excellent tool to
design advanced materials with anisotropic materials proper-
ties. One application is the inclusion of nanoparticle building
blocks with a large number of reactive surfaces—a situation
that is already partially realized with the growth of ZnO
nanoparticles (cf. Figure 3E). This would open access to the
synthesis of more complex crystalline three-dimensional
structures in which the branching sites could be added as
individual nanoparticles.

Experimental Section

For the preparation of the ZnO nanospheres zinc acetate dihydrate (0.01m)
was dissolved in methanol (125 mL) under vigorous stirring at about 60°C.
Subsequently, a 0.03M solution of KOH (65 mL) in methanol was added
dropwise at 60 °C. The reaction mixture was stirred for 2 h at 60 °C (details
see ref. [16]).

The resulting solution (stock solution) was concentrated by evaporation of
the solvent and heated for different lengths of time to obtain rod-shaped
particles.
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