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In recent years the optical and electronic properties of
semiconductor and metal nanoparticles were intensively
investigated and their functionality was improved by forming
hybrid materials.'”) Great progress was made in coating
nanoparticles with an appropriate material to increase the
stability and to control the properties.’*” These nanocompo-
sites have proven to be useful for a lot of applications such as
biolabels, electroluminescent displays, memory devices, pho-
tochemical solar cells, and sensors. 2

The combination of semiconductor and metal nanopar-
ticles is particularly interesting for catalytic applications. Both
the photochemical removal of contaminants from waste
stream water and the optimization of the water-splitting
reaction require high photocatalytic activity of the nano-
particles.'”! In general the photocatalytic efficiency is limited
by the fast recombination of the photogenerated charge
carriers. In semiconductor/metal nanocomposites the photo-
induced charge carriers are trapped by the noble metal, which
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promotes interfacial charge-transfer processes.'**! Thus, the
photocatalytic performance was improved by deposition of
metal or metal islands on TiO, or ZnO nanoparticles."®

In addition to the preparation of core/shell particles, the
construction of complex nanostructures by self-organization
also expands the scope of composite nanoclusters to a wide
range of applications."” Strategies for the formation of
superlattices and macroscopic solids consisting of two- or
three-dimensional periodic structures include the utilization
of electrostatic interactions between positively and negatively
charged nanoparticles, covalent linkage of particles, magnetic
forces, as well as interparticle van der Waals forces. In the
latter case colloidal crystals from CdSe, FePt, and CoPt; with
sizes of up to 200 pum could be prepared by using the method
of controlled oversaturation. The growth of the crystals was
induced by slow diffusion of a non-solvent into a concentrated
solution of nanocrystals."®'”l A very promising approach is
the biomolecule-driven assembly of nanoparticles that were
functionalized with, for example, single-stranded DNA or
biotin prior to the self-assembly process.”” In the most
advanced form this concept requires anisotropic nanoparti-
cles, which can be functionalized with different molecular
recognition groups at specific positions on the nanoparticles.
Such anisotropic microrods encoded with sub-um stripes of
metals and molecules were synthesized by sequential electro-
chemical depositions inside porous templates and have been
immobilized on Au films through selective DNA hybrid-
ization.[*"-?

In contrast, the utilization of the intrinsic properties of
nanocrystals for their assembly has so far not been inves-
tigated in detail even though the dependence of both the
adsorption of molecules on bulk surfaces and the different
reactivity of the crystallographic facets is well known in
surface science.?! First attempts to transfer this knowledge
from surface science to nanoparticles led to promising results.
For example, the synthesis of CdSe nanorods is based on the
different adsorption behavior of ligands on the crystallo-
graphic facets and the resulting differences in the growth
rates.”? El-Sayed et al. have demonstrated laser-induced
shape changes of colloidal gold nanorods. This behavior of the
gold particles was explained by the different stability of the
crystallographic facets.”?! Comparable results were ach-
ieved by Murphy et al. who investigated the effect of nano-
particle shape on their chemical behaviour. The results
indicated that gold spheroids are more stable than spheres
and nanorods with regard to their dissolution.”®”!

We report here a novel method for the formation of a
nanoheterostructure consisting of a ZnO nanorod with an
attached spherical Ag particle at one end. This material is
easily accessible by the anisotropic photoreduction of Ag*
ions at the ZnO.

The electronic structure of semiconductors such as zinc
oxide is characterized by a valence band, which is filled with
electrons, and an empty conduction band. Upon light
absorption an electron is promoted from the valence band
into the conduction band. The generated hole in the valence
band and the conduction band electron can react with
electron donors and electron acceptors adsorbed on the
semiconductor surface, respectively.**! Thus, irradiation of a
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solution of ZnO nanoparticles in ethanediol/water containing
metal ions leads to metal nanoparticle formation by reduction
by the conduction band electrons, and concomitantly to an
oxidation of the alcohol by valence band holes.

Figure 1a shows a TEM image of the solution after
irradiation. The silver particles can clearly be distinguished
from the ZnO nanorods by shape and contrast. In all cases the
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Figure 1. TEM images of Ag*-containing ZnO nanorod solutions after
irradiation. a) ZnO nanorods with deposited silver particles. b) Irradia-
tion experiment with poly(ethylenimine) as stabilizer.

silver particles are quite polydisperse; prolonged irradiation
increases the polydispersity. A detailed inspection of the
image shows that not more than one Ag particle per ZnO rod
is formed, and the Ag particles are preferentially located at
one end of the ZnO nanorods. The latter finding is more
clearly seen in the case of longer ZnO rods. To achieve a
better separation of the ZnO/Ag nanocomposites on the
TEM grid a stabilizer (poly(ethylenimine)) was added to the
reaction solution before irradiation.”’ The corresponding
TEM images are depicted as a gallery of typical selected area
images in Figure 1b and also in the Supporting Information.
These images strongly suggest that the photoreduction
preferentially occurs at one end of the ZnO nanorods and
that once a Ag nucleus is formed further reduction of Ag at
this nucleus is clearly favored over nucleation.

These results can be explained in different ways. The most
trivial explanation is based on drying effects during the
preparation of the TEM grids. In this case silver particles
would be formed homogeneously in solution and a specific
interaction between the crystalline facets and the bottom or
the top of the nanorod would lead to the observed nano-
heterostructures. However, Figure 1b strongly contradicts
this hypothesis since the images were taken at low coverage.
Further evidence against this mechanism was also found in
absorption and fluorescence investigations during Ag forma-
tion. Figure 2 shows the absorption spectra of ZnO nanorods
(20 nm x 6 nm) at different times after reduction of silver ions.
One clearly recognizes that the typical ZnO absorption
becomes more and more superimposed by the growing silver
plasmon band with a maximum around 440 nm. The corre-
sponding fluorescence spectra are displayed in the inset of
Figure 2. The luminescence is more and more quenched on
increasing the amount of silver. Since the absorbance at the
excitation wavelength (340 nm) does not significantly change
during the silver reduction and the absorbance of silver is
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Figure 2. Evolution of the absorption spectra of an Ag*-containing
ZnO solution during irradiation. Nanorods: length 20 nm, width 6 nm.
The inset shows the appropriate fluorescence spectra of the mixture.

negligible in the spectral range of the ZnO fluorescence, the
quenching of the trapped emission must be due to electron
transfer from ZnO to silver particles.']

Another explanation for the site-selective deposition of
silver involves a preferentially small lattice mismatch of silver
on ZnO at the respective crystallographic plane. In this case
tiny Ag clusters could be formed at various sites on the ZnO
nanorod, whereas nucleation of Ag particles would occur in a
consecutive step at the energetically favored plane after
surface diffusion. Indeed, several high-resolution TEM
images show almost epitaxial growth of single-crystalline Ag
particles on the ZnO nanorod substrate (Figure 3a, b). Ag
particles on the ZnO moieties can clearly be distinguished by
the different contrast. The lattice distances are in accord with
silver and ZnO. Unfortunately, even tilt experiments in the
TEM did not allow the respective crystallographic planes at

Figure 3. HRTEM images of the interface of Ag particles and ZnO
nanorods. a) Epitaxially grown single-crystalline silver particle on ZnO,
and b) corresponding high-resolution TEM image of the interface, c)
and d) polycrystalline silver particle deposited on ZnO.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chemie

4879


http://www.angewandte.de

Zuschriften

4880

the interface of ZnO and Ag to be identified unambiguously,
and therefore this mechanism remains speculative. In addi-
tion the formation of polycrystalline Ag particles at the top of
the ZnO nanorods was also observed (Figure 3¢, d). In this
case, the epitaxial growth model is of course completely
hypothetical.

Reduction of Ag at preferential crystallographic planes
could also be explained by specific adsorption of Ag? ions at
the respective plane. Literature data for aqueous solutions
containing additional stabilizer molecules such as citrate and
poly(ethylenimine) are, however, not available and our
attempts to analyze the Ag content at the respective ZnO
sites prior to the photoreduction step by energy-dispersive X-
ray (EDX) and wavelength-dispersive X-ray (WDX) experi-
ments failed due to the limited stability of the sample under
intense electron illumination.

Finally one might discuss a localization of the electrons at
the ends of the ZnO nanorods prior to the electron transfer
step. This charge separation might be supported by an
intrinsic dipole moment along the c axis, that is the growth
direction of the rods or an asymmetric band bending along the
c axis.*> Electron density calculations of excited ZnO
nanorods would be required to get further evidence for this
mechanism. Which of the discussed processes is responsible
for the obtained results can not be decided at this stage.

The presented results provide a rational approach for the
bottom-up assembly of complex nanostructures. Indeed the
here presented structure represents electronically a fully self-
assembled 2D quantum-confined semiconductor with an in-
built Schottky barrier. Furthermore, the chemical anisotropy
might serve as branching centers for a more complex
architecture of nanohybrid materials, which should have
favorable charge-transport properties as compared to con-
ventional nanoparticle solids. Also site-specific building of
different ligands and molecular recognition groups such as
single-stranded DNA oligonucleotides or peptides should
become possible with the presented Ag/ZnO nanocomposite
particles. The further development of this concept could lead
to the custom-made construction of electronic and optical
devices.

Experimental Section
ZnO nanorods were prepared according to a method described
earlier. Briefly, zinc acetate dihydrate (29.5 g, 0.13 mol) was dissolved
in methanol (125mL) at 60°C. Then, a solution of potassium
hydroxide (14.8 g, 0.23 mol) in methanol (65 mL) was subsequently
added under vigorous stirring. The size of the resulting nanorods was
controlled by refluxing the reaction mixture for different times at
60°C. Lengthening the reaction time led to a considerable increase in
length along the ¢ axis of the crystals, whereas the width of the rods is
only slightly enlarged. Because of precipitation of the ZnO particles
during the synthesis they could be easily isolated from the reaction
mixture by centrifugation. Washing of the precipitated particles with
methanol was necessary to remove the excess ions. After centrifuga-
tion (5500 Umin™', 30 min) the resulting gel was redispersed in
chloroform. For optical measurements the nanoparticles were diluted
with a mixture of ethyleneglycol/water (2:1).

Silver deposition was carried out photocatalytically in quartz cells
using a 450-W xenon lamp in combination with a monochromator and
a band-edge filter (320 nm). A mixture of ethanediol/water (2:1, v:v;
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2670 uL), ZnO nanorods (300 puL) in ethanediol/water (c=
0.0l molL™") and AgNO; (30pL) in water (c=0,1 molL™" or
0.0l molL™") was illuminated with monochromatic light (A=
340 nm) under stirring. To separate the silver/ZnO nanocomposites
on the TEM grid, a diluted poly(ethylenimine) solution (30 uL) in
water was added. All experiments were carried out in degassed
solutions to avoid oxygen reduction by the conduction band electrons,
although significantly different results were not observed in the
presence of oxygen.
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