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We report a one-step photocatalytic synthesis method of dendritic
silver nanostructures. These self-organised structures show an
excellent Raman enhancement enabling the detection of analytes
from dilute solutions by surface-enhanced Raman spectroscopy.

The properties of nanostructured metals change drastically with
small variations in size, morphology, crystallinity, organization
and composition. Due to this strong variability in properties,
metal nanoparticles have attracted a lot of interest over the
last decade. Not only have these studies focused on the
controlled synthesis and growth of metallic nanostructures;
many reports also explored the applications of such metallic
nanoparticles in optics, electronics, as catalysts or as sensors.
Many recipes are now known for the generation of nano-
structured metals. One of the most intensely investigated fields
is the application of metallic nanostructures as substrates for
Surface Enhanced Raman Scattering (SERS).' Here, the
metallic surface serves to locally enhance the electromagnetic
fields via its ability to sustain surface plasmons.'* As a result
the weak Raman scattering process is enhanced by several orders
of magnitude, making it possible to detect minute amounts of
analytes by recording vibrational fingerprints even at the single
molecule level.* The excitation of surface plasmons by photons
strongly depends on the used metal, with silver structures
being the material of choice for visible light stimulation.’
The size and the shape of the nanoparticles also play an
important role in the enhancement as SERS hotspots occur
at edges, surface steps and nanoscale features.? In this context
hierarchical nanostructures such as dendritic silver are an
interesting group of metal structures since they can grow to
microscale assemblies via self-organization, while sustaining a
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large concentration of nanoscale surface features.”’ Furthermore,
these hierarchically organized structures exhibit a large surface
area which enhances the interaction with the analytes in
sensing applications.®

Various shape-selective synthesis methods have been devel-
oped, generating hierarchical silver nanostructures. Many of
these methods employ organic reagents that act as an electron
source, surfactant and/or a capping agent.” These organics
often remain strongly bound to the metal surface complicating
the purification and limiting their use as easy-to-fabricate SERS
substrates.

Herein, we report on a simple, organics-free method to prepare
hierarchical silver nanostructures via a room temperature
photocatalytic reduction of silver ions directly from an aqueous
solution on zinc oxide (ZnO) crystals. This additive-free method
works directly on top of optically transparent cover slides and
does not rely on metallic support or substrate structures.® Hence
this preparation method uniquely enables direct application of
dendritic silver structures as SERS substrates for sensing
analytes. Raman mapping of the micrometre-sized dendritic
silver structures shows excellent SERS enhancement throughout
the whole dendritic structure which is promising for use as sensor.

When a sample of white zinc oxide powder, deposited on a
glass cover slide and submerged in a 1 mM silver nitrate
solution, is illuminated with UV light (315-400 nm) inside a
photoreactor, it becomes slightly grey. This darkening of the
ZnO particles, related to the photocatalytic reduction of silver
ions, increases with illumination time. The UV illumination of
ZnO crystals induces the formation of electron/hole pairs which
after diffusion to the surface can perform redox reactions,
e.g. the reduction of silver ions by photoelectrons.® This
photocatalytic silver reduction by ZnO crystals was visualized
with an optical microscope. (Detailed information on the
synthesis of the ZnO crystals, the photocatalytic experiments
and the confocal microscope is listed in the ESI.{) The pure,
as-synthesized ZnO crystals appear as large hexagonal prisms
in the optical transmission image (Fig. la). The visually
observed darkening of the ZnO powder upon exposure to
Ag™ under UV stimulation translates into a clear darkening of
the individual ZnO crystals in the optical transmission images
(Fig. 1b). This darkening of the crystals however does not
occur homogeneously, isolated silver particles appear at the

This journal is © The Royal Society of Chemistry 2011

Chem. Commun.



Downloaded by Katholieke Universiteit Leuven on 23 October 2011
Published on 07 October 2011 on http://pubs.rsc.org | doi:10.1039/C1CC14727G

View Online

Fig. 1 Photocatalytic generation of dendritic silver structures from
an aqueous AgNOj; solution (1 mM) inside a photoreactor: (A) pure
ZnO crystal, scale bar = 10 pm; (B) heterogeneous deposition of silver
nanoparticles, scale bar = 10 um; (C) growth of dendritic silver
nanostructures, scale bar = 50 um.

ZnO crystals outer surface. Hence, instead of forming a
homogeneous silver coating the photocatalytic silver reduction
occurs more rapidly in certain zones.’

This heterogeneous silver metal deposition becomes even
more pronounced upon extended UV stimulation in the
presence of silver ions. The optical images of these samples
show the development of a limited number of dendritic metal
structures for every ZnO crystal. The trunk of these highly
branched structures is attached to the surface of the zinc oxide
crystal. The size of these structures increases with illumination
time, extending up to 100 um in length after long UV stimulation
of the ZnO core. Fig. 1c shows such a remarkably large,
individual silver dendrite formed on a ZnO photocatalyst.
When similar experiments were performed with 10x lower or
100x higher Ag" concentration the formation of such large
structures was not observed. A more detailed view on the
dendritic silver structures comes from scanning electron micro-
graphs (ESI}).

Next, the photocatalytic growth of metallic silver nano-
structures on the ZnO crystals was visualized in situ directly on
top of the inverted confocal fluorescence microscope (ESIT).
The zinc oxide crystals are deposited on a glass cover slide
and subsequently immersed in an aqueous solution containing
1 mM silver nitrate.'® The ZnO crystals are clearly visible as
large hexagonal prisms in the optical transmission image
(Fig. 2a), with only faint green-yellow luminescence being
detected in the confocal fluorescence image (Fig. 2b).!! Both
images were obtained by laser scanning the sample with a
green laser (ESIf). Upon simultaneous wide-field UV stimulation
(<400 nm) the luminescence intensity increases because of the

Fig. 2 In situ observation of the photocatalytic generation of
dendritic silver structures at 0 s, 18 s, 36 s, and 240 s after starting
the UV illumination: (A) optical transmission images recorded,
(B) corresponding luminescence images (excitation = 543 nm and
luminescence = 550-650 nm). Scale bar = 10 um.

strongly enhanced ZnO excitation. Shortly after switching on
the wide-field UV illumination, the optical transmission image
reveals several isolated silver nanoparticles, appearing as dark
spots, at the ZnO surface similar as in the samples prepared in
the photoreactor. Remarkably, a strong luminescence signal is
detected at these silver nanoparticles in the fluorescence
channel (550-650 nm). Further UV stimulation results in the
growth of well separated dendritic silver structures. This
anisotropic growth pattern is generally associated with a
non-equilibrium, diffusion-limited aggregation model.'> The
initially formed reduced silver nanoparticles act as an electron
sink to which photoelectrons, formed after continued UV
stimulation of the ZnO crystal, can quickly migrate.'* These
electrons are subsequently used for further silver ion reduction.

Whereas development of large dendritic nanostructures was
mainly observed in 1 mM silver nitrate solutions, at elevated
concentrations next to the photocatalytic silver reduction, also
the second photocatalytic half reaction, i.e. water oxidation,
was observed as the formation of oxygen gas bubbles (ESIZ).

Important for the generation of effective SERS substrates
with high enhancement factors is the presence of a large
concentration of (sub-)nanometre-sized features. In this case,
the generated hierarchical silver microstructures should contain
SERS hotspots throughout the dendritic structure. Evidence
for the presence of such (sub-)nanometre-sized features and
nanoclusters comes from the luminescence that these dendritic
structures generate (Fig. 2b). This indicates that the dendritic
silver is not one continuous metal structure, which should not
luminesce, but growth occurs in a rather heterogeneous fashion
in the presence of multiple silver nano-features/clusters. It is
well-documented that such clusters can exhibit very bright
luminescence.'* Furthermore, when zooming in on the micro-
metre-sized dendritic silver the structures show blinking lumi-
nescent dots of diffraction-limited size indicating the presence
of bright emissive silver clusters that behave as individual
particles (ESI{). This bright luminescence with green laser
excitation however does not limit the use of these structures
as SERS substrates, vide infra.

Fig. 3a shows the surface-enhanced Raman spectrum (633 nm
excitation, outside the excitation spectrum of the aforementioned
emissive clusters) of an ethanolic solution of 100 nM and 1 uM
4-MOTP (4-methoxythiophenol) measured at the dendritic
silver compared to that of 100 uM 4-MOTP measured under
the same experimental conditions but in the absence of a
SERS substrate. Whereas the former spectra clearly show
the vibrational fingerprint of 4-MOTP,' the latter spectrum
only contains minor peaks originating from the solvent,
ethanol, with no peaks of 4-MOTP being resolved. Raman
mapping experiments were conducted to assess whether the
enhancement is coming from some selected spots or from the
whole micrometre-sized dendritic silver structure. Fig. 3b
shows an optical transmission image of the dendritic silver
structure with the corresponding photoluminescence image
(Fig. 3c, emission 650-750 nm) and Raman map (Fig. 3d,
1060-1120 cm ') recorded in the presence of 100 uM 4-MOTP
in ethanol. To reconstruct the luminescence and Raman image,
individual SERS spectra were recorded using a piezoelectric
scanning stage and probing an area of 30 x 30 pm? with 32 x
32 pixels (ESIf). At every point the Raman spectrum was
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Fig. 3 Dendritic silver nanostructures as SERS substrates: (A) comparison
of the Raman spectrum of an ethanolic solution containing 4-MOTP
recorded in the presence (blue, green) and absence (black) of the SERS
substrate; concentration of 4-MOTP is 100 nM (green), | uM (blue) and
100 pM  (black). (B)(D) Micrographs of dendritic silver structures
submerged in an ethanolic 4-MOTP solution: (B) optical transmission
image, (C) photoluminescence image (650-750 nm) and (D) Raman map
(1060-1120 cm™"). (E) Two representative SERS spectra extracted from the
Raman map (D) at positions indicated with 1 and 2.

recorded during 1 second; two representative spectra are
shown in Fig 3e. As usual, these SERS spectra contain a
broad continuum emission, which is generally referred to as
background.'® The integrated background signal between 500
and 2500 cm !, corresponding to an emission in the range of
approx. 650 nm to 750 nm, was used to plot the luminescence
image (ESIf). The whole dendritic structure shows a constant
background emission (the origin of this background is still
lively debated in the literature)!® on top of which intense
Raman peaks are present. The pronounced Raman peak at
1075 cm™! stemming from the C-S stretching vibration of
4-MOTP molecules was integrated and used to reconstruct the
Raman map (Fig. 3d). Also here it is obvious that the whole
dendritic structure shows excellent Raman enhancement and
that this enhancement is reasonably homogeneously. This
homogeneous Raman enhancement over large areas is very
important for sensing applications. These results can be easily
reproduced for most dendrites formed via this method. Upon
prolonged measurements at one position no changes in the
SERS spectra were observed. Whereas the generation of
large area SERS sensors normally requires strictly controlled
deposition of metallic nanoparticles over several length scales
to yield a homogeneous distribution of hotspots, this photo-
catalytic growth method yields dendritic nanostructures with

similar properties in one step. Note that outside the dendritic
structure, i.e. in solution or at the ZnO crystal, no Raman
signal or luminescence are detected.

In summary, large dendritic silver nanostructures were
grown photocatalytically on ZnO crystals directly from an
additive-free silver nitrate solution. These dendritic structures
are excellent SERS substrates since they yield strong Raman
enhancements over large areas and they can be grown on top
of optically transparent substrates.
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