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Abstract Short-range order sodium dodecyl sulfate (SDS)-
bound micelles and long-range order poly(vinylpyrroli-
done) (PVP)–SDS supramolecular assemblies in PVP–SDS
aqueous solution illustrate the potential template application
in directing hierarchical assembly of inorganic nanostruc-
ture. In this paper, ginger-like Au nanobranches with
equivalent circle diameter around 50 nm were prepared in
PVP–SDS aqueous solution under microwave irradiation
through a one-pot, facile, rapid, and morphology-controlled
synthesis route. Based on the experimental results, the
possible growth mechanism of the ginger-like gold nano-
branches is inferred to be a template-mediated and
microwave-assisted hierarchical assembly via the unique
co-effect of PVP–SDS soft template and microwave
irradiation. At first, the precursors AuCl4

− surrounding the
SDS-bound micelles were rapidly reduced to Au0 by
sodium citrate assisted by microwave irradiation and
simultaneously assembled into abundant Au nanocrystals
with diameters around 10 nm according to the bound
micelle templates. And then several tiny Au nanocrystals
linked by PVP chains within a limited space were instantly
mediated by the long-range order PVP–SDS supramolecu-
lar assemblies to fabricate into polycrystal ginger-like Au
nanobranches. X-ray diffraction (XRD) pattern indicates
that the Au nanobranches are face-centered cubic phase,

which is verified by high-resolution transmission electron
microscopy (HRTEM) images and selected area electron
diffraction (SAED) pattern.
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Introduction

The morphology-controlled synthesis of gold nanostruc-
tures has attracted extensive research interests because of
their unique shape-dependent properties and widespread
applications [1, 2]. In the past few years, gold nanospheres
[3], nanorods [4], nanowires [5], nanoplates [6], and
nanocubes [7] have been successfully synthesized. Recent
studies have shown that the local electromagnetic field at
the tips of branched gold nanoparticles was intensely
enhanced which made them attractive for use as surface-
enhanced Raman scattering (SERS) substrates [8]. There-
fore, great interests have been focused on the preparation
and application of branched gold nanoparticles. By far, the
previous reports for the synthesis of branched nanoparticles
were mainly based on a seed-mediated growth approach
[9–11]. For example, Khoury et al. [12] reported the seed-
mediated synthesis of gold nanostars in DMF medium by
using poly(vinylpyrrolidone) (PVP) as capping agent. Kuo
et al. [13] synthesized gold nanobranches through a
stepwise procedure by using sodium dodecyl sulfate
(SDS) as capping agent. Wu et al. [14] prepared elongated
penta-branched gold nanocrystals with a shape resembling
that of a star fruit but with sharp ends by a multistep
seeding growth approach. Therefore, developing a facile,
no seeding, and high-yield method that is using common
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capping agents and operating in aqueous solutions for the
synthesis of branched nanoparticles is highly desirable.
PVP is widely used as capping agent cum reductant in the
synthesis of two-dimensional noble metal nanostructures
[15, 16]. Moreover, it is reported that PVP can interact with
anionic surfactant SDS to form PVP–SDS supramolecular
assemblies [17, 18]. These supramolecular assemblies are
ideal templates for the synthesis of various nanostructures
because their combinatorial structures are totally different
from that of pure surfactants or pure water-soluble
polymers [19, 20] which inspire us to explore the using of
PVP–SDS aqueous solution for the synthesis of gold
nanostructures. In this paper, ginger-like gold nanobranches
with high yield and good size monodispersity were
synthesized in PVP–SDS aqueous solution assisted by
microwave irradiation. Comparing with ordinary heating,
the microwave-assisted synthesis is faster, simpler, and
more energy efficient [21, 22].

Experimental

Materials

HAuCl4 and sodium citrate were purchased from Sino-
pharm Chemical Reagent Co. Ltd., China. SDS was
purchased from Acros Organics Co., USA. PVP K30 was
granted by International Specialty Products, Inc. All
reagents were used as received without further purification,
and ultra pure water was used throughout.

Surface tension measurements

The surface tension (g) of the pure SDS, PVP–SDS,
HAuCl4–SDS, and HAuCl4–PVP–SDS solutions was mea-
sured by Wilhelmy method at 25 °C using surface tension
instrument DCA 315 (Thermo Cahn). The concentrations of
PVP and HAuCl4 were 1 g·L−1 and 0.3 mM, respectively,
which were uniform in all the solutions.

Synthesis

In a typical experiment, 1.25 mL PVP (20 g·L−1), 5 mL
SDS (50 mM), and 0.75 mL HAuCl4 (10 mM) were added
to a 25 mL volumetric flask, and the volume was then
adjusted to 25 mL with water; the final concentrations of
PVP, SDS, and HAuCl4 were 1 g·L−1, 10 mM, and
0.3 mM, respectively. The mixed solution was transferred
into a conical flask and to be heated in a domestic
microwave oven (200 W) until boiling. And then, the
solution continued boiling for 5 min after 1 mL aqueous
solution of sodium citrate (85 mM) was added into it
rapidly.

Characterization

Transmission electron microscopy (TEM) images were
obtained on a Hitachi H-70000 transmission electron
microscope. High-resolution transmission electron micros-
copy (HRTEM) image and the corresponding selected area
electron diffraction (SAED) pattern were obtained with a
JEOL 2010 high-resolution transmission electron micro-
scope operated at an accelerating voltage of 200 kV. XRD
was carried out with a D/Max 2500 X-ray diffractometer
using Cu (40 kV, 200 mA) radiation. The surface plasma
resonance (SPR) was recorded on PGENERAL TU-1901
spectrophotometers.

Results and discussion

Characterization of ginger-like gold nanobranches

XRD pattern (Fig. 1a) of the as-synthesized gold nano-
structures shows that the sample is face-centered-cubic
phase. Five peaks observed in the 2θ range of 30–85° can
be indexed, respectively, to (111), (200), (220), (311), and
(222) reflections of gold. It is worth noting that the ratio of
the intensity between the (200) and the (111) diffraction
peaks (I(200)/I(111)) is much lower than the standard file
(0.28 versus 0.52). These observations confirm that the
obtained gold nanostructures are primarily dominated by
(111) facets [13, 23]. The TEM image shown in Fig. 1b
indicates that the as-synthesized nanostructures are ginger-
like gold nanobranches. These nanobranches are 50 nm in
size, and each of them possesses several convex bumps.
Four typical ginger-like gold nanobranches are shown in
Fig. 1c which are similar to that reported by Kuo et al. [13].
In their route, SDS with an exorbitant concentration
(50 mM) was used as capping agent, and the entire process
prolonged for about 1 h. Figure 1d is the SPR character-
istics of the obtained ginger-like gold nanobranches. Except
the strong SPR peak around 533 nm, there is a protuberant
absorption band in 600–700 nm. The appearance of this
broad plasmon peak is mainly because their tip lengths vary
widely within a single nanobranch and among different
nanobranches [24].

The HRTEM image of a single ginger-like gold nano-
branch shown in Fig. 2a reveals that the measured fringe
spacings are all 0.235 nm which equates with the (111)
lattices spacing of gold crystals, but the lattice orientation
depends on the location on a gold nanobranch. Figure 2b, c
shows the HRTEM images of the concave parts on the gold
nanobranch marked with “A” and “B” in Fig. 2a. The
lattice orientations between the adjacent parts are different,
and the angles of them are 43° and 35°, respectively
(Fig. 2b, c). The electron diffraction spots in the SAED
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pattern of a single gold nanobranch arrange as a circle
which suggests that the gold nanobranches are not single
crystals (Fig. 2d). It is reasonable to conclude that these
ginger-like gold nanobranches are fabricated by a few tiny
gold nanocrystals in random lattice orientation.

TEM images of gold nanoparticles synthesized in PVP–
SDS aqueous solution at different SDS concentrations are
shown in Fig. 3. Quasi-spheric gold nanoparticles, which
are 10–20 nm in size as shown in Fig. 3a are synthesized in
blank sample without SDS. When a little SDS was added
(0.2 mM), the synthesized products in Fig. 3b were still

quasi-spheres, and it is interesting that these quasi-spheres
rounded in cycles with diameters of 200–300 nm to reduce
their exorbitant surface energies [25]. The enlarged TEM
image in the illustration of Fig. 3b shows the size
monodispersity of gold nanoparticles is excellent. Increas-
ing SDS concentration to 3 mM, lots of tri-branched gold
nanoparticles appeared, and some elongate nanoparticles
coexisted as byproducts as shown in Fig. 3c. As SDS
concentration continued to increase to 8 mM, the synthesized
nanoparticles in Fig. 3d were ginger-like gold nanobranches
of 40–50 nm in size and tri-branched or tetra-branched in

Fig. 1 Characterization of
ginger-like gold nanobranches
obtained under microwave
irradiation in 10 mM of SDS,
1 g·L−1 of PVP, and 0.3 mM of
HAuCl4: a XRD pattern, b TEM
image, c enlarged TEM images,
and d SPR characteristics

Fig. 2 Crystal structure characterization of ginger-like gold nano-
branches obtained under microwave irradiation in 10 mM of SDS,
1 g·L−1 of PVP, and 0.3 mM of HAuCl4: a HRTEM image of entire

ginger-like gold nanobranches, b concave part A in (a), c concave part
B in (a), and d SAED pattern of single ginger-like gold nanobranches
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shape, which much resembled those shown in Fig. 1b
obtained at SDS concentration of 10 mM. However, at SDS
concentration of 15 mM, the synthesized products shown in
Fig. 3e were mixtures of large irregular nanoparticles of
60 nm in size and small quasi-spheres of 20 nm in size. At
higher SDS concentration (30 mM), the synthesized products
shown in Fig. 3f return to all quasi-spheres of 15–20 nm in
size.

Because good shape stability is the precondition for the
subsequent application of nanoparticles, the shape stability
of quasi-spheres in Fig. 3b and typical ginger-like gold
nanobranches in Fig. 3d were laid up 2 months at 30 °C,
and the corresponding TEM images are shown in Fig. 4.
Compared with the corresponding TEM images in Fig. 3b,
the circles assembled by quasi-spheres disappeared, and the
ring-like fabrications redistributed to single quasi-spheres
as shown in Fig. 4a. Taking account of ginger-like gold
nanobranches in Fig. 3d, there are no obvious morphology
variations in Fig. 4b after standing 2 months, which
suggests that the ginger-like gold nanobranches have
enough stability for the subsequent application in case.

The influences of SDS concentration on the morpholo-
gies of the synthesized gold nanoparticles are attributed to
the variations of the organized molecular assemblies in
PVP–SDS aqueous solution at different SDS concentra-
tions. According to previous reports, there is strong
interaction between SDS and PVP in aqueous solution
[26]. Figure 5a shows the g-lg cSDS curve of HAuCl4–
PVP–SDS aqueous solution versus logarithm of the
concentration of SDS (cSDS) which exhibits two turning
points. The first one is related to the beginning binding of
surfactant to polymer, defined as CAC or c1. The second

point is the outset forming of SDS free micelles which is
called polymer saturation point or the second critical
concentration (c2) [27]. Between c1 and c2 in HAuCl4–
PVP–SDS aqueous solution, PVP and SDS self-assemble
into supramolecular assemblies with three-dimensional
pearl-necklace-like structure in which SDS-bound micelles
serve as pearls and PVP chains as strands [17, 28].
Therefore, SDS concentration is a key influence factor
dominating the variations of the organized molecular
assemblies of PVP and SDS which would certainly exert
further dramatic template influences on morphologies of
gold nanoparticles.

It was reported that PVP, SDS monomers, SDS micelles,
and PVP–SDS aggregates are all effective templates for
synthesizing inorganic nanomaterials in liquid-phase method
[29–31]. Free SDS micelles help to protect nascent nano-
crystals growing into tiny nanoparticles [32]. And PVP
chains could absorb onto gold facets with the oxygen atom
in the pyrrole unit [33]; nascent gold nanocrystals, therefore,

Fig. 3 TEM investigation of the
template function for gold
nanostructures obtained under
microwave with 1 g·L−1 of PVP
and 0.3 mM of HAuCl4 and in
different concentrations of SDS:
a 0, b 0.2, c 3, d 8, e 15,
and f 30 mM

Fig. 4 TEM image of gold nanoparticles after standing at 30 °C for
2 months. a Quasi-spheres and b ginger-like gold nanobranches
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are stabilized by PVP in aqueous solution, and after Ostwald
ripening, they are easy to grow into small quasi-spheres.
However, in PVP–SDS supramolecular assemblies, PVP
chains were occupied by SDS-bound micelles which weaken
the protecting effect of PVP on nascent nanocrystals so that
the nascent nanocrystals trend to somewhat aggregate to
form larger fabricated nanostructures to lower their exorbi-
tant surface energy [34]. Altering SDS concentration in
HAuCl4–PVP–SDS aqueous solution should be the most
fruitful approach to provide different type of templates in a
single system. In the experimental HAuCl4–PVP–SDS
aqueous solution in the presence of 1 g·L−1 of PVP and
0.3 mM of HAuCl4, the c1 and c2 values are 1.8 and
12.8 mM, respectively. The equilibrium of template species
in HAuCl4–PVP–SDS aqueous solution is shown in Fig. 5b.
PVP and SDS monomers are main template species when
SDS concentration is lower than 1.8 mM that refers to the c1
value, and free SDS micelles would become the main
template species in turn when SDS concentration is beyond
12.8 mM that refers to the c2 value. It is worth paying special
attention to the fire-new template species appearing when
SDS concentration is between 1.8 and 12.8 mM, the three-
dimensional pearl-necklace-like aggregates composed of
SDS molecules and PVP chains. The picture of short-range
order SDS-bound micelles and long-range order PVP–SDS
supramolecular assemblies illustrates the potential template
application of PVP–SDS aqueous solution in directing
hierarchical assembly of inorganic nanostructure. Therefore,

the two critical concentrations of SDS in HAuCl4–PVP–SDS
aqueous solution, c1 and c2, are the threshold concentrations
to control nanoparticle morphology, which is very helpful to
explain why various nanoparticle morphologies appeared
and depend on the SDS concentration variations.

Co-effect of soft template and microwave irradiation
on morphology

To clearly illustrate the co-effect of soft template and
microwave irradiation on morphological control of gold
nanobranches, the function of the different templates of
SDS, PVP, or PVP–SDS supramolecular assemblies under
microwave irradiation was investigated, respectively; thus,
the corresponding dominant synthesized products are both
quasi-spheres in SDS or PVP aqueous solutions alone but
typical ginger-like gold nanobranches in PVP–SDS supra-
molecular assemblies as shown in Fig. 6a–c. Figure 6d
shows the corresponding XRD patterns of the ginger-like
gold nanobranches synthesized in PVP–SDS supramolecu-
lar assemblies and the gold quasi-spheres synthesized in
SDS or PVP solutions. The diffraction peak intensities of
the gold quasi-spheres are remarkably lower than that of the
gold nanobranches, especially the intensity of the (111)
diffraction peaks, which revealed that the crystalline of the
ginger-like gold nanobranches is superior to the gold quasi-
spheres. Therefore, although the microwave irradiation
accelerates and disturbs the synthesis process, PVP–SDS

Fig. 5 a g-lg cSDS curves of
HAuCl4–SDS and HAuCl4–
PVP–SDS aqueous solutions
with 1 g·L−1 of PVP and
0.3 mM of HAuCl4 and b
schematic presentation of the
relationship between SDS con-
centration and equilibrium of
template species

Fig. 6 TEM images of gold nanostructures (0.3 mM of HAuCl4) obtained under microwave in a PVP (1 g·L−1)–SDS (10 mM), b SDS (10 mM),
c PVP (1 g·L−1), and d their corresponding XRD patterns
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supramolecular assemblies still exert better template effect
on orderly crystal growth of nanocrystals than SDS or PVP
does.

The above soft templates were also examined under
ordinary heating to eliminate the influence of microwave
irradiation; thus, the corresponding dominant synthesized
products are, respectively, nanospheres, elongate nano-
particles, or mixtures of elongate nanoparticles and little
nanobranches as shown in Fig. 7. The experimental results
show that the occurrence of PVP facilitated the directed
aggregation of nanocrystals to enlarged or elongate nano-
particles due to its random coil structure in aqueous
solution, while the PVP–SDS supramolecular assemblies
have the function to direct nanocrystals further elongated
and even branched to result in nanobranches due to its
unique three-dimensional necklace-like structure. It is also
easy to find by comparing Fig. 6 with Fig. 7 that
microwave irradiation is in favor of promoting irregular
morphology.

Based on these results, a tentative explanation on the co-
effect of soft template and microwave irradiation on
morphological control of gold nanobranches is proposed.
Firstly, compared with PVP itself, the protecting effect of
PVP–SDS supramolecular assemblies are weaker since
PVP chains have been occupied by SDS-bound micelles,
and in this case, the nascent gold nanocrystals as a whole
trend to aggregate to lower their exorbitant surface energy.

Secondly, PVP–SDS supramolecular assemblies have stron-
ger potential to fabricate tiny gold nanocrystals into
elaborate gold nanostructures than the single-component
templates anyhow with or without microwave assistance
that is because the PVP–SDS supramolecular assemblies
themselves have the hierarchical structure in favor of direct
hierarchical assembly of gold nanocrystals. In the process
of hierarchical assembly of gold nanobranches, the short-
range order SDS-bound micelles could act as the primary
templates to mediate the tiny nanocrystals with diameters
around 10 nm according to the micelle templates; one after
the other, the long-range order PVP–SDS aggregates could
act as the secondary templates to fabricate several above
gold nanocrystals linked by PVP chains within a limited
space into elaborate gold nanostructures. Thirdly, micro-
wave irradiation could offer more rapid and uniform
heating to all solvents, reagents, and intermediates than
ordinary heating [35], so that abundant nascent gold
nanocrystals occur in the initial stage of the reaction which
is the precondition to fabricate gold nanobranches subse-
quently. Microwave irradiation should disturb and weaken
the original template function of capping agents and result
in an elevated disorder lever of the gold nanoparticles in
some extent that is why, we think, microwave irradiation is
in favor of promoting irregular morphology. The last but
not the least, there is an interaction between somewhat
disorderly accelerating effect resulting from microwave

Fig. 7 TEM images of gold
nanostructures (0.3 mM of
HAuCl4) obtained under ordi-
nary heating in a SDS (10 mM),
b PVP (1 g·L−1), and c PVP
(1 g·L−1)–SDS (10 mM)

Fig. 8 Schematic mechanism of
template-mediated and
microwave-assisted hierarchical
assembly of ginger-like gold
nanobranches

1774 Colloid Polym Sci (2011) 289:1769–1776



irradiation and a hierarchically assembling template func-
tion provided by PVP–SDS supramolecular assemblies. It is
the unique co-effect of soft template and microwave
irradiation that promotes those gold nanocrystals occurred
in the initial stage of the reaction in high concentration
more apt to aggregate to fabricate ginger-like gold nano-
branches. Moreover, since microwave irradiation has
expressed the potential to promote zigzag, branched,
corolliform, and rough morphological characteristics, it
can yet be regarded as the assistance means to provide
SERS “hot spot” in synthesizing other nanomaterials [36].

Proposed growth mechanism of gold nanostructures

The proposed growth mechanism of different nanostruc-
tures synthesized respectively in aqueous solution of SDS,
PVP, or PVP–SDS supramolecular assemblies is schemat-
ically illustrated in Fig. 8. Process A and D are the
illustrations of the growth mechanism of quasi-spheres in
pure SDS and pure PVP solutions under microwave
irradiation. The nascent gold nanocrystals formed at the
early stages of the reactions were instantly protected by
SDS or PVP, and after Ostwald ripening, they grew into the
gold quasi-spheres. Process B and C are the illustrations of
the growth mechanism of the elongate gold nanoparticles
obtained under ordinary heating and the ginger-like gold
nanobranches obtained under microwave irradiation. Under
ordinary heating, the lower concentration of nascent nano-
crystals slowly agglomerated into convex bumps, and the
concave parts in the bumps were filled by gold atoms via
Ostwald ripening and finally evolved into the elongate gold
nanoparticles. However, under microwave irradiation, the
higher concentration of nascent nanocrystals formed at the
initial stages induced by microwave irradiation. When some
of the nanocrystals approach one another closely enough,
they are mutually attracted by van der Waals forces and
extremely anxious hierarchically aggregated into the poly-
branches, which eventually evolved into the ginger-like
nanobranches.

Conclusions

In this paper, ginger-like Au nanobranches are prepared in
PVP–SDS aqueous solution under microwave irradiation
through a one-pot, facile, rapid, and morphology-controlled
synthesis route. Microwave irradiation is in favor of
promoting irregular morphology through offering rapid
and uniform heating to system, which makes abundant
nascent gold nanocrystals occurred in solution in the initial
stage of the reaction. Compared with templates of SDS or
PVP, PVP–SDS supramolecular assemblies themselves
have the hierarchical structure, which facilitates directing

hierarchical assembly of gold nanocrystals. In the process
of hierarchical assembly of gold nanobranches, the short-
range order SDS-bound micelles act as the primary
templates to mediate the tiny nanocrystals with diameters
around 10 nm according to the micelle templates, and then
the long-range order PVP–SDS supramolecular assemblies
act as the secondary templates to fabricate several above
gold nanocrystals within a limited space into elaborate gold
nanostructures. Based on the experimental results, the
possible growth mechanism of the ginger-like gold nano-
branches is inferred to be a template-mediated and
microwave-assisted hierarchical assembly via the unique
co-effect of PVP–SDS soft template and microwave
irradiation.
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