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Abstract
Catanionic vesicles spontaneously formed by mixing the anionic surfactant bis(2-ethylhexyl)
sulfosuccinate sodium salt with the cationic surfactant cetyltrimethylammonium bromide were
used as a reducing medium to produce gold clusters, which are embedded and well-ordered into
the template phase. The gold clusters can be used as seeds in the growth process that follows by
adding ascorbic acid as a mild reducing component. When the ascorbic acid was added very
slowly in an ice bath round-edged gold nanoflowers were produced. When the same experiments
were performed at room temperature in the presence of Ag+ ions, sharp-edged nanoflowers
could be synthesized. The mechanism of nanoparticle formation can be understood to be a non-
diffusion-limited Ostwald ripening process of preordered gold nanoparticles embedded in
catanionic vesicle fragments. Surface-enhanced Raman scattering experiments show an excellent
enhancement factor of 1.7·105 for the nanoflowers deposited on a silicon wafer.

Supplementary material for this article is available online
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1. Introduction

The size- and shape-dependent optical properties of gold
nanoparticles are of special interest in different fields of
catalysis [1], photonics [2], sensing [3], and for biomedical
uses [4, 5]. In particular, asymmetric gold nanoparticles,
such as nanorods [6], nanocages [7], nanopyramids [8],
nanotriangles [9] and nanoprisms [10] offer great potential
in biomedical applications such as photothermal cancer
therapy [11] and imaging [12] due to their absorption in the
near-infrared (tissue diagnostic window) range [13]. Fur-
thermore, the localized surface plasmon resonance can be
easily tailored by small changes to the morphology
[9, 14, 15]. The presence of the sharp tips and spikes of

those anisotropic particles leads in surface-enhanced Raman
scattering (SERS) to an increased electromagnetic field,
which enhances the Raman signal and enables the invest-
igation of catalytic reactions [15–18]. Studies of facet-
dependent catalytic activity showed that high-index faceted
particles aid molecule adsorption and are most active for
surface reactions [18, 19]. Thus, the more exotic nanostars
turned into the focus of the relevant research [20, 21].

Various protocols have been reported to produce aniso-
tropic metal nanoparticles. Template-based strategies [22, 23]
and seed-mediated routes [24, 25] have been used. The pro-
cedure used most often is to obtain asymmetric particles based
on a seed-mediated, two-step process in the presence of the
cationic surfactant cetyltrimethylammonium bromide (CTAB)
[24]. In the second step, the CTAB-based gold seeds are grown
by adding ascorbic acid (AA) in the presence of silver ions.
Nevertheless, for the synthesis of nanostars a modified proce-
dure is needed, e.g., by performing the seed-mediated growth
process in a concentrated dimethylformamide solution in the
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presence of poly(vinyl pyrrolidone) (PVP) [21]. A surfactant-
free synthesis of gold nanostars using citrate-based seeds was
reported by Yuan et al [26]. In that case, the AA has to be
added quickly in the presence of silver ions. Under defined
pH conditions the presence of Ag+ ions is necessary for the
formation of nanostars [26].

Recently, we have shown that flat gold nanotriangles are
formed in a multivesicular Bis(2-ethylhexyl) sulfosuccinate
sodium salt (AOT)/phospholipid-based template phase
[27, 28]. The mechanism of the one-step formation process
can be described by a diffusion-limited Ostwald ripening on
the periphery of soft gold nanoparticle aggregates [29]. The
resulting nanoplatelets, separated from spherical particles by
a polyelectrolyte/micelle-based depletion flocculation [28],
are long time stable with special optical and vibratory
properties [30]. Ultrathin nanotriangles deposited in large
scale close-packed monolayers on Si wafers can be suc-
cessfully used as a substrate for monitoring photocatalytic
reactions by SERS [31].

In the present work, we tried to synthesize gold nano-
particles in another type of vesicular template phase. It is
already well known that mixtures of oppositely charged sur-
factants can form different types of organized systems,
including vesicles [32]. For example, AOT builds sponta-
neously unilamellar vesicles with the cationic surfactant
benzyl-n-hexadecyldimethylammoniumchloride, which are of
special relevance in the areas of pharmacology, cosmetics,
and foods [33, 34]. CTAB can form vesicles with sodium
dodecylsulfate (SDS) and AOT, too [35, 36], but to the best
of our knowledge this kind of vesicle has not yet been used as
a template phase for making gold nanoparticles. CTAB is
well-known as a shape-directing agent for the seed-mediated
synthesis of gold nanorods showing a high reproducibility
[25, 37, 38]. By forming a bilayer, CTAB interacts with the
gold nanoparticle surface as well as Au ions in the solution
[39]. Thereby, the CTAB counterion bromide plays a key role
in the formation of Au nanorods through adsorption onto the
side facets of the seeds. Additionally, the long tail of the
surfactant facilitates the anisotropic growth [40]. A further
advantage is that a CTAB bilayer prevents aggregation,
leading to more stabilized particles [41].

Surprisingly, our first experiments have shown that
AOT/CTAB-based vesicles, in the absence of additional
components, can reduce a gold chloride solution in contrast to
the surfactant components alone. This is another example
showing that mixtures of oppositely charged surfactants may
have synergistic benefits in their properties and applications
[42]. However, the nanoparticle formation process is termi-
nated at very small particle dimensions on the gold cluster
level. Therefore, we started to use the gold clusters as a new
type of seed for the formation of anisotropic gold nano-
particles by adding a mild reducing agent, i.e., AA. By
varying the reaction temperature or adding silver ions, spiked
gold nanostars with a flower-like inner structure and special
optical properties can be synthesized.

2. Experimental details

2.1. Materials and methods

Tetrachloroauric(III)acid (HAuCl4·3H2O), AOT and
natrium borohydride (NaBH4) were purchased from Sigma-
Aldrich. CTAB was obtained from Fluka and AA from Roth.
In all experiments, Milli-Q Reference A+ water was used.

UV–vis absorption experiments were performed with a
Shimadzu UV–2600 spectrophotometer. Light microscopic
images were captured and analyzed by the Leica DMLB
microscope. Transmission electron microscope (TEM)
micrographs were obtained by using a JEM-1011 (JEOL)
TEM at an acceleration voltage of 80 kV as well as a JEM-
2200 FS (JEOL) at 200 kV for high resolution (HRTEM).
Scanning electron microscopic (SEM) investigations were
performed with a S-4800 from Hitachi. Dynamic light scat-
tering (DLS) and zeta potential measurements were made
with a Malvern Nano Zetasizer 3600. A confocal Raman
microscope (alpha 300, WITec, Ulm, Germany) was used to
record Raman spectra of the samples. The microscope was
equipped with an excitation laser at a wavelength of 785 nm
and the laser beam was focused through a 100× microscope
objective. The spectra were recorded with a thermoelectrically
cooled charge-coupled device detector (DU401A-BV, Andor,
UK) placed behind the spectrometer (UHTS 300; WITec,
Ulm, Germany) with a spectral resolution of 3 cm−1. The
Raman band of a silicon wafer at 520 cm−1 was used to
calibrate the spectrometer.

2.2. Vesicle formation and nanoparticle formation

A 0.16M aqueous AOT solution and a 0.1 or 0.01M CTAB
solution were mixed together to obtain an AOT/CTAB
vesicle solution. The turbid dispersion was agitated by using
an ultrasound finger. The resulting vesicular dispersion
(template phase) was characterized by light microscopy
and DLS.

The vesicular template phase was mixed with a 2 mM
gold chloride (HAuCl4) precursor solution at a mixing ratio of
1:3. The obtained aqueous ‘seed’ solution was characterized
by UV–vis spectroscopy and TEM microscopy.

Reducing components, i.e., citric acid, NaBH4 or AA
were added to the ‘seed’ solution by varying the temper-
ature, the rate of adding the reducing agent and the molar
ratio of the components. The resulting colored gold disper-
sions were characterized by UV–vis spectroscopy and TEM
microscopy.

2.3. SERS substrates

For the layer formation of gold nanoflowers, a droplet of the
dispersion was set on the Si substrate. By adding an ethanol-
toluene mixture in a ratio of 5:1 to the droplet, the particles
build a shimmering film on the interface, which remains as a
layer after solvent evaporation. The silicon wafer fabricated
with gold nanoflower film was immersed in a 1 mM aqueous
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solution of Rhodamine R6G for 6 h. The SERS substrates
were washed with water several times to remove the unat-
tached molecules and dried before being measured.

3. Results and discussion

By mixing adequate amounts of the 0.1 M CTAB solution
with the 0.16M AOT solution, the vesicle phase is formed
after sonification. The resulting light microscopic image
(figure 1) show well-distributed vesicles in a size range
between 100 nm and 5 μm. The giant vesicles (GVs) in the
μm range are surrounded by a shell, similar to the SDS/
CTAB-based catanionic vesicles obtained by Tah et al [35].
DLS measurements reveal a bimodal size distribution on the
nanometer scale, with a small vesicle (SV) fraction at about
85 nm and a second larger vesicle (LV) fraction at about
500 nm.

By adding a 2 mM HAuCl4 solution (gold precursor
solution) to the vesicle phase at volume rates of 3:1 and
heating the mixtures for 45 min to 45 °C, a color change to
yellow/orange can be observed. The UV–vis spectra show an
UV absorption maximum at 380 nm and a shoulder between
450 and 500 nm (figure 2). Recently, we have shown by
HRTEM and asymmetric flow field flow fractionation
(AFFFF) that gold clusters of diameter � 2 nm show an
absorption maximum at 360 nm [43]. Thus, it can be assumed
that very small gold clusters are formed.

The corresponding TEM micrograph of the SV fraction is
shown in figure 3(A). By zooming into such a vesicle, indi-
vidual gold nanoparticles in the size range between 2 nm and
5 nm can be detected at higher magnification (figure 3(B)).
The gold cluster, well embedded into the vesicular template
phase, with particle diameter � 2 nm, corresponds to the UV–
vis absorption at 380 nm, and the individual and somewhat
larger particles (around 5 nm in size) correspond to the UV–
vis shoulder at 450–500 nm (compare with figure 2).

Astonishingly, our results show that the AOT/CTAB-
based catanionic unilamellar vesicles reduce a gold precursor
solution in the absence of any additional reducing component.
It has to be mentioned that neither of the surfactant

components, the CTAB solution or the AOT solution, can on
its own reduce the gold chloride solution. Accordingly,
electrostatic interactions between the functional head groups
in the double layer are responsible for the reducing properties
of the vesicular template phase. Due to the low reducing
power accompanied by the template effect of the vesicles, the
growth of gold crystals is already terminated at the cluster
level. This interesting feature of the catanionic vesicles opens
a door to the use of these gold clusters as ‘seeds’ for the seed-
mediated synthesis of anisotropic gold nanoparticles.

Taking into account that there is still an excess of non-
reduced Au3+ ions, we added three different reducing agents
to our gold clusters embedded in the vesicular template
phase, i.e., sodium borohydride, sodium citrate, and AA,
respectively.

By using the strong reducing components NaBH4 or
sodium citrate, an optical color change to red and a spectro-
scopic shift of the cluster peak from 380 nm to 550 nm can be
observed. Through the stepwise addition of a 0.1M sodium
borohydride solution to the seed solution, a stepwise degra-
dation of the absorption cluster peak at 350 nm and a

Figure 1. Light microscopic image of the vesicular template phase and the corresponding dynamic light scattering (DLS) plot.

Figure 2. UV–vis spectra of the gold cluster ‘seed’ solution.
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corresponding increase of the surface plasmon resonance
peak at 550 nm was noticed (figure S1 is available online at
stacks.iop.org/NANO/29/185603/mmedia), which indicate
the growth of gold clusters up to particle diameters � 5 nm

[44]. When the same experiments were performed with AA,
similar results were observed, but in addition to the peak at
550 nm a further broad peak between 800 and 1000 nm was
detected (figure 4). After a dosage of 40 μl the cluster peak

Figure 3. TEM micrographs of small vesicles after adding the gold precursor solution and heating the system to 45 °C for 45 min at lower (A)
and higher (B) magnifications.

Figure 4. UV–vis spectra and DLS plot of the ‘seed’ solution after adding stepwise a 0.1 M ascorbic acid (AA) solution.

Figure 5. TEM micrograph of fragments of super large vesicles after adding stepwise a 0.1 M AA solution at room temperature (A); a
magnified micrograph of the fragments with well-embedded small gold nanoparticles (B); and crystallized larger anisotropic gold
nanoparticles (C).
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disappears and the UV maximum at 550 and 850 nm reaches
a maximum. DLS experiments reveal a shift of the SV and
LV peaks to smaller dimensions and the appearance of a new
peak at about 20 nm. The peak shifts may be related to the
decomposition of larger vesicles into fragments, and the new
peak at about 20 nm to the formation of gold nanoparticles.

A corresponding TEM micrograph of the resulting sys-
tem shows fragments of the GV template phase (figure 5(A)).
A magnified picture of the irregular fragments (figure 5(B))
reveals well-embedded 5 nm sized gold nanoparticles, which
are responsible for the UV absorption at 550 nm. Further-
more, anisotropic larger gold nanoparticles crystallize in the
fragments (example shown in figure 5(C)), which seem to be
responsible for the broad UV absorption in the near-infrared
(NIR) range.

For a more controlled synthesis of such anisotropic gold
nanoparticles, we varied the reaction conditions, i.e., the
CTAB concentration was reduced to 0.01M, the template was
cooled in an ice bath, and the rate of silver nitrate addition
was modified.

After cooling the ‘seed’ solution in an ice bath and
adding the AA very slowly (2 μl/min), an UV absorption
maximum between 580 and 620 nm (figure 6(A)) was
observed. The corresponding TEM micrograph (figure 6(B))
shows spiked individual nanoparticles, which tend to aggre-
gate at low temperatures (at 0 °C) and disaggregate at room
temperature. In this case, a color change from blue to dark red
can be observed. SEM micrographs show that round-edged
nanoflowers or so-called nanostars are formed. It is note-
worthy that the already well-established synthesis of spiked
nanostars is performed at room temperature by the rapid
addition of PVP-coated Au seeds to the gold chloride solution
[21], or by the quick addition of a silver nitrate/AA solution
to a citrate-stabilized seed solution [26]. In both cases, a fast
addition at room temperature is realized, which is in contrast
to our reaction conditions at low temperatures (0 °C) and slow
addition rates.

It is already well known that Ag+ ions are of special
relevance by forming anisotropic gold nanoparticles in the
second step of the seed-mediated synthesis, experimentally
shown by the Liz-Marzan group [9, 20, 24]. Yuan et al have
demonstrated that for the surfactant-free synthesis of nanos-
tars, a fast addition of AA in the presence of Ag+ ions is

required [26]. Nevertheless, the role of Ag+ ions in shape-
controlled synthesis is not entirely understood. Inspired by
these results, further experiments focused on the role of Ag+

ions in the crystallization process. Gold nanostars can be
described as having a branched structure with a metal core
and protruding sharp spikes [45, 46]. Therefore, we propose
that the Ag+ ions could specifically block the growth on the
long sides, as observed for the nanorod growth in [38]. The
formation of the spikes can thus be roughly compared to
the growth of nanorods. In previous investigation related to
CTAB-protected gold nanorods synthesis, the presence of
Ag+ ions generated a high yield of rod-shaped nanostructures
with Au{110} faces on the side of the rods and {100} on the
top of the rods. This can be explained by a selective silver
adsorption to {110} Au facets inhibiting Au deposition on
those surfaces, but allowing Au deposition on {100} sur-
faces [47].

By adding AA at the same rate in the presence of Ag+

ions to the ‘seed’ solution, spiked nanoparticles are already
formed at room temperature. The UV absorption curve
becomes more distinct, with a maximum at 680 nm
(figure 7(A)). SEM micrographs at a tilting angle of 45° offer
a possibility to investigate the inner structure of the nano-
particles. Figure 7(B) shows that the spiked nanoparticles are
supramolecular structured platelet aggregates with a flower-
like inner structure; this means that sharp-edged nanoflowers
are formed. Additional HRTEM measurement of a gold
nanoflower tip shows a single crystallinity with 〈101〉 zone
axis (figure 7(C)), quite similar to the tips of gold nanostars
shown by Kumar et al [21].

Up to now, only a limited number of papers have
reported the formation of gold nanoflowers (NFs) [48–54].
Rod-like gold nanoparticles [49–51] and sheet-like gold
nanoparticles [52–54] can assemble into nanoflower super-
structures. Winkler et al [54] discussed a time-dependent two-
step model of autocatalytic growth, from sharp-edged to
round-edged large micro-flowers, by using hydroxylamine as
the reducing agent in a one-step procedure. Wang et al [52]
discussed self-assembly of gold sheet structures due to Van
der Waals and anisotropic hydrophobic attraction forces
of sheet-like gold nanoparticles in the presence of PVP and
Ag+ ions.

Figure 6. UV–vis spectra of the ‘seed’ solution after cooling in the ice bath and adding stepwise a 0.1 M AA solution with corresponding
TEM and SEM micrographs of round-edged nanoflowers.
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Symmetry-breaking properties of the Ag+ ions attached
to the gold nanoparticles embedded in the fragments seem to
be responsible for the non-regular crystallization process in
different directions to form curved nanoplatelets, which self-
assemble to supramolecular flower-like nanoparticles. SERS
experiments were performed to check the catalytic properties
of these supramolecular formed NFs.

To investigate the performance in SERS, a droplet of the
gold NF dispersion was set on a Si substrate. To avoid the coffee-
ring effect and to obtain a close-packed layer of the nanoparticles,
an ethanol–toluene mixture in a ratio of 5:1 was added to the
droplet, as already detailed described in [31]. Thus, the nano-
particles were transported to the interface and remain as a closely-
packed layer after solvent evaporation (figure 8).

SERS has been used to provide ‘fingerprint’ information
of the probed analyte, with higher sensitivity compared to
conventional Raman scattering. Anisotropic nanoparticles
such as gold nanotriangles and gold nanostars have been
reported to show extraordinary SERS enhancement owing to
their tips. These tips act as nanoantennas, at which the
electromagnetic field and therefore Raman scattering is
enhanced [55]. Herein, Rhodamine R6G was used to testify
the SERS performance of the gold NFs. The gold NFs were
deposited on silicon wafer and an uniform film was formed.
Figure 9 shows the obtained SERS spectrum of R6G when

the sample was immersed in a 1 mM aqueous solution of
R6G. The SERS spectrum reproduced the characteristic
Raman bands of the bulk R6G, where peaks at 1184 and
1307 cm−1 were assigned to the C-C and C-O-C stretching
modes, respectively. The peaks at 1356 and 1504 cm−1 were

Figure 7. UV–vis spectra of the gold nanoflower dispersion with corresponding SEM micrograph and HRTEM micrograph (inset: fast Fourier
transformation) of a spike of the sharp-edged nanoflowers formed at room temperature by slow addition of AA in the presence of Ag+ ions.

Figure 8. SEM micrograph of the gold nanoflower layer on Si substrate.

Figure 9. Surface-enhanced Raman scattering performance of the
self-assembled gold nanoflowers and the bulk R6G molecules and
the self-assembled gold nanoflowers.
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assigned to the aromatic ring C-C stretching modes of the
R6G molecules [56].

The SERS enhancement factor (EF) of the NF film was
estimated using the following equation:

= ⋅EF
I

I

N

N
SERS

Raman

Raman

SERS

where ISERS and IRaman are the intensities of a selected
vibrational mode (vibrational mode at 1504 cm−1) in the
SERS and normal Raman spectra, respectively. NSERS is the
number of R6G adsorbed on the SERS substrate, while
NRaman is the number of the probed bulk R6G molecules. In
this experiment, NSERS and NRaman were calculated to be
3.5·105 and 3·1010, respectively. The SERS EF was esti-
mated to be 1.7·105. Throughout the calculations, R6G
molecules were assumed to form a monolayer on the gold NF
substrate and each molecule was assumed to occupy 2.22 nm2

of the illuminated area [57]. We attribute such high
enhancement to the structure of the NFs, with many tips on
their surfaces known as SERS hot spots, and to the nanogaps
formed between these tips and their neighbors.

4. Conclusions

Catanionic vesicles are a new type of reducing agent for
making gold clusters. The reduction process is terminated at
the cluster level due to the templating effect of the catanionic
vesicles. These gold clusters, with diameter � 2 nm and well
embedded into catanionic vesicles, can be used as a ‘seed’
solution to form anisotropic gold nanoparticles. By adding
AA as a mild reducing agent, the clusters grow to colloidal
dimensions of about 5 nm in size. This process is accom-
panied by a fragmentation of the initially formed super large
vesicles and the formation of larger anisotropic gold nano-
particles. The growth mechanism of the anisotropic gold
nanoparticles in the catanionic vesicle fragments at low
temperatures can be described by a non-diffusion-limited
Ostwald ripening process, in contrast to the diffusion-limited
Ostwald ripening process in solution, recently shown by our
small angle x-ray scattering experiments [21]. At low tem-
peratures (0 °C) and with a slow addition rate of AA, round-
edged nanoflowers can be formed. In the presence of Ag+

ions the crystallization process in the fragments can be further
influenced, and flat nanoplatelets are formed, which self-
assemble to sharp-edged nanoflowers at room temperature.
The sharp-edged nanoflower superstructures deposited on a Si
wafer show an excellent enhancement factor in SERS
experiments, one order of magnitude higher than individual
gold nanotriangles well ordered in a large scale close-packed
monolayer, as shown by us earlier [23].
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