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Abstract Colloidal noble metal-conducting polymer core–
shell nanoparticles show promising applications in a wide
diversity of areas, but it remains a great challenge to develop
a convenient synthetic method allowing strict control over
their size/dimension and facile modulation of their nanostruc-
tures. In this work, we report the synthesis of monodisperse
gold dendrite@polypyrrole (AuD@PPy) core–shell nanopar-
ticles with an eco-friendly one-step solution reaction by trig-
gering oxidative polymerization of pyrrole with
tetrachloroauric acid. As-prepared AuD@PPy nanoparticle is
composed of a gold dendrite core coated by a thin PPy shell;
the size and the thickness of the PPy shell could be adjusted by
simply changing the pyrrole concentration. Benefiting from
the protective effect of the PPy shell, the nanoparticles dem-
onstrate enhanced catalytic durability toward the reductive
reaction of methylene blue (MB) compared with the
citrate-capped gold nanoparticles (AuNPs).
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Introduction

Noble metal colloids such as gold nanoparticles (AuNPs) and
silver nanoparticles (AgNPs) demonstrate compelling optical,
electronic, and catalytic properties sharply contrasted to their
bulky counterparts and have attracted great interest in a wide
range of research areas [1, 2]. Well-established methods allow
for reliable synthesis of them with the ability to tailor their

dimension/shape, and various nanostructures such as spheres,
prisms, rods, wires, and cubes have been successfully pre-
pared with encouraging applications for bioimaging,
nanomedicine, biosensing, surface-enhanced fluorescence,
light scattering, and so forth [3–5]. Meanwhile, conducting
polymers such as polypyrrole (PPy) and polyaniline (PANI)
with highly π-conjugated polymeric chains exhibit tunable
electrical properties, reversible doping/de-doping process,
and controllable chemical and electrochemical properties [6].
Modulated by synthetic parameters, they also display a wide
diversity of morphologies from zero-dimensional nanospheres
to one-dimensional nanowires and two-dimensional
nanofilms, which facilitates their applications in various areas
including electronics, sensing, and energy storage and
conversion [6–9].

Noble metal-conducting polymer colloidal nanocom-
posites have attracted considerable research interest in
recent years. By rationally combining the advantages of
individual components while eliminating respective
drawbacks, these nanocomposites demonstrate promising
applications in a wide variety of practical areas [10–13].
Various noble metal-conducting polymer nanocomposites
have been synthesized with different synthetic strategies
[11, 12, 14–19]. The first strategy is to grow polymer on
the pre-synthesized metal nanostructures. With this meth-
od, colloidal gold-conducting polymer nanomaterials in-
cluding gold nanorod@PANI core–shell nanoparticles
and superparticle/PPy core–shell composites have been
prepared by oxidative polymerization of corresponding
monomer on the surface of colloidal gold particles [12,
14]. Double-layer core–shell structures, triple-layer core–
shell, and yolk–shell metal nanoparticle-conducting poly-
mer nanostructures were also prepared by growing
conducting polymer shell in surfactant capsules with
encapsulated metal nanoparticles using emulsion poly-
merization [15, 16]. The second strategy is to grow or
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adsorb metal nanostructure on pre-synthesized
conducting polymers. Xiaomiao Feng and coworkers
have synthesized PANI hollow spheres with polystyrene
nanoparticle as sacrificial templates and further modified
the hollow spheres with Au nanoparticles to obtain
PANI/Au hollow spheres for electrochemical detection
of dopamine [11]. PPy/Au nanocomposites were synthe-
sized by chemical polymerization of pyrrole with FeCl3
as an oxidative reagent, followed by reducing HAuCl4
with NaBH4 [17]. The third strategy involves simulta-
neous polymerization of monomers and growth of metal
nanostructures. Ag@PPy nanosnakes have been prepared
by polymerization of pyrrole in the presence of Ag2O
under hydrothermal condition [18]; Ag/PPy composite
colloids were prepared through the reaction of silver
nitrate with pyrrole solution in DMF with the assistance
of femtosecond laser pulse or UV lamp [19]. Although
impressive progresses have been achieved, these methods
are tedious with multiple synthetic steps, and some are
unable to strictly control the morphology and/or structure
of products, resulting in mixed products without defined
nanostructures. In some cases, the surfactant used may
damage the potential application of the nanocomposites.
Therefore, it remains a great challenge to develop a
convenient synthetic method to synthesize the noble
metal-conducting polymer colloidal nanocomposites
while allowing for control over their size/dimension and
facile modulation of their nanostructures.

In this work, we report a facile one-step method to synthe-
size monodisperse gold dendrite@polypyrrole (AuD@PPy)
core–shell colloidal nanoparticles. The method involves sim-
ply mixing pyrrole monomer with tetrachloroauric acid
(HAuCl4) in an aqueous solution, where the HAuCl4 is spon-
taneously reduced by pyrrole to form gold dendrite (AuD)
while the pyrrole is simultaneously oxidized to grow PPy thin
film and deposit on AuDs. The whole reaction progresses at
room temperature without the need of heating, irradiation, or
surfactant. The growth mechanism was proposed, and the
catalytic activity and durability of AuD@PPy nanoparticles
toward the reduction of methylene blue (MB) dye were
investigated.

Experimental section

Synthesis of AuD@PPy core–shell colloidal nanoparticles

At room temperature, 1.0 mL of 0.3-M pyrrole solution was
rapidly added into 10 mL 0.01 % (wt) HAuCl4 solution with
vigorous stirring. The solution was further stirred for 2 h, and
the product was collected by centrifugation and re-dispersed
in DI water.

Characterization of AuD@PPy

Transmission electron microscopy (TEM) images were ob-
tained on a JEM-1400 system (JEOL, Japan) operated at
100 kV. Scanning electron microscopy (SEM) images were
obtained on JEM-6700F FEG system (JEOL, Japan). X-ray
diffraction (XRD) patterns were collected using a Shimadzu
XRD-7000 system. Atomic force microscopy (AFM) mea-
surements were conducted with tapping mode by Nanoman
AFM (Veeco Metrology Group, USA) at ambient tempera-
ture. UV–vis spectra were collected with a Shimadzu UV-
2550 spectrometer. Raman characterizations were carried out
using a confocal Raman microscope system CRM 200 from
WITec, Germany. Zeta-potential measurements were carried
out with a malvern ZEN3690 system.

AuD@PPy catalyzed reduction of MB

The catalytic activity and durability of AuD@PPy nanoparti-
cles toward the reduction of MB dye were evaluated and
compared with that of citrate-capped AuNPs. In a typical
procedure, a certain amount of the AuD@PPy nanoparticles
was homogeneously dispersed into the aqueous solution of
MB dye, followed by rapid injection of ice-cold aqueous
solution of NaBH4 under stirring. The UV–vis spectra of the
solution were collected at different times.

Results and discussion

Nanostructure of AuD@PPy nanoparticles and pyrrole’s
effect on their nanostructure

When pyrrole was added into the HAuCl4 solution under
stirring, the color of the solution was changed to dark red
within 2 h, suggesting the formation of AuD@PPy core–shell
nanoparticles. The resulted suspension possesses excellent
disperse stability in water, possibly because the PPy shell
brings positive charges to prevent the aggregation. It can be
easily separated and re-dispersed in water by centrifugation
without the risk of aggregation.

Themorphology and structure of the AuD@PPy core–shell
nanoparticles are unveiled by SEM and TEM. As shown in
Fig. 1a, b, the products demonstrate irregular sphere appear-
ance and the size distribution is very uniform with diameter
around 30–40 nm according to the SEM images. The TEM
images in Fig. 1c, d reveal core–shell structured nanoparticles
composed of a dendrite core covered with a thin layer shell,
which are believed to be gold dendrite and PPy film, respec-
tively, because of their different brightness on TEM. Each
gold dendrite is formed by several bent nanorod-like gold
branches covered with an integral PPy thin film. The thickness
of the polymer shell varies in several nanometer range.
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The AFM images shown in Fig. 2 exhibit an average
diameter of around 30 nm of the AuD@PPy core–shell nano-
particle, which is consistent with the observation of SEM and
TEM in Fig. 1. Meanwhile, the nanoparticles scatter on the
mica substrate in a separated form, indicating excellent
monodispersity of the nanoparticles in the suspension.

The amount of pyrrole for the preparation shows signifi-
cant effect on the size and nanostructure of the AuD@PPy
nanoparticles. When the added pyrrole solution decreases to
0.2 and 0.05 mL, respectively, the average size of the nano-
particles increases to around 60 and 90–100 nm according to
the SEM and TEM images shown in Figs. 3 and 4. The gold
dendrite core is bigger and more compact compared with that
prepared with 1.0-mL pyrrole solution (shown in Fig. 1). The
polymer shell is not integral with varying thickness and cannot
fully cover the dendrite core, and some nanoparticles in close

proximity adhere to one another connected by the polymer, as
displayed by the TEM images. The AFM images in Figs. 5
and 6 further confirm that the average size of the nanoparticles
increase to 60 and 90–100 nm, respectively, when 0.2- and
0.05-mL pyrrole solution were used to prepare the AuD@PPy
nanoparticles.

Spectroscopic and XRD characterizations of AuD@PPy
nanoparticles

UV–vis spectra of resulted AuD@PPy nanoparticle suspen-
sions are shown in Fig. 7. All spectra demonstrate evident
adsorption peaks around 529–549 nm, which are located in
the characteristic adsorption wavelength range of gold nano-
structure, implying the growth of gold nanostructure in the
suspension. With the decrease of pyrrole solution volume
from 1.0 to 0.05 mL, the peak wavelength shifts from 529 to
549 nm, suggesting increased dimension of the resulted gold
nanostructure [20], which is consistent with the SEM, TEM,
and AFM observations shown above. It is further confirmed
by the observation that the stability of the suspension in-
creases with the increase of added pyrrole. At the same time,
the peak widths of the UV–vis spectra decrease with the
increase of added pyrrole amount, suggesting narrow size
distribution of as-prepared products.

XRD analysis was employed to investigate the crystal
structure of the AuD@PPy nanoparticles. As shown in
Fig. 8, all three patterns exhibit a weak broad peak centered
at the 2θ value of 25°, which could be assigned to the

Fig. 1 SEM and TEM images
of AuD@PPy nanoparticles
prepared by mixing 1.0 mL
of 0.3-M pyrrole solution with
10.0 mL of 0.01 % HAuCl4
solution (80×69 mm
(300×300 DPI))

Fig. 2 AFM image of AuD@PPy nanoparticles prepared by mixing
1.0 mL of 0.3-M pyrrole solution with 10.0 mL of 0.01 % HAuCl4
solution (80×51 mm (300×300 DPI))
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amorphous PPy film [21]. The peaks located at 38.3°,
44.4°, 65.1°, and 77.6°could be well indexed to the
diffractions of 111, 200, 220, and 311 planes of face-
centered cubic (fcc) gold structure (JCPDS No. 04–0784)
[22]. It is notable that the full widths at half maximum of

characteristic diffraction peaks from fcc gold increases
with the added pyrrole solution amount, suggesting de-
creased crystallite size of gold core according to Scherrer
equation [23, 24], which is consistent with the results
presented above. The XRD patterns unambiguously

Fig. 3 SEM and TEM images
of AuD@PPy nanoparticles
prepared by mixing 0.2 mL
of 0.3-M pyrrole solution with
10.0 mL of 0.01 % HAuCl4
solution (164×143 mm
(300×300 DPI))

Fig. 4 SEM and TEM images
of AuD@PPy nanoparticles
prepared by mixing 0.05 mL
of 0.3-M pyrrole solution with
10.0 mL of 0.01 % HAuCl4
solution (80×69 mm
(300×300 DPI))

508 Colloid Polym Sci (2015) 293:505–512



confirm the presence of polymer and gold in the
nanoparticles.

The Raman spectra further confirm the chemical composi-
tion of the PPy polymer in the nanoparticles, as shown in
Fig. 9. The peaks located around 1,586 and 1,328 cm−1 cor-
responds to the C=C backbone stretching and ring stretching
mode of the PPy backbone, respectively [25, 26]. The peak at
1,040 cm−1 can be assigned to the C–H in-plane deformation
of PPy [25, 26]. The small peak around 985 cm−1 could be
assigned to the quinoidpolaronic and/or bipolaronic structure
of PPy [27].

Growth mechanism of AuD@PPy nanoparticles

Based on the experimental observations, the mechanism for
the one-step formation of the AuD@PPy nanoparticles is
proposed. It is well known that pyrrole could be oxidized
chemically or electrochemically to generate various oligo-
mers, which further aggregate to form PPy polymer [7, 28,
29]. When mixed with HAuCl4, a strong oxidative reagent,
the pyrrole was spontaneously oxidized and the HAuCl4 was
reduced to form gold nucleus [30]. Due to the presence of
nitrogen atom on the pyrrole ring and its flexible nature, the
PPy oligomer possesses high affinity toward the gold surface
and would adsorb to form an incomplete covering layer on the
gold core, which directs the gold core to further grow from the

uncovered surface to a dendrite nanostructure rather than a
spherical gold nanoparticle until the AuD@PPy nanoparticle
was formed when all the precursors (pyrrole and HAuCl4)
were consumed. Meanwhile, due to the presence of positively
charged PPy shell (the zeta potential of the AuD@PPy nano-
particle measured to be +17.2±1.4 mV, data not shown), the
nanoparticles keep away from one another to prevent aggre-
gation; thus, the final product exhibi t excellent
monodispersity [29]. Therefore, the role of pyrrole is threefold
in the preparation. First, it reduces HAuCl4 to elemental gold
as a reducing reagent; at the same time, its oxidative product,
i.e., PPy, acts as a ligand to cap and guide the growth of gold
nanostructure and prevents the formation of large gold core;
also, the PPy shell confers the monodispersity of the
AuD@PPy nanoparticle by inter-particle electrostatic

Fig. 5 AFM image of AuD@PPy nanoparticles prepared by mixing
0.2 mL of 0.3-M pyrrole solution with 10.0 mL of 0.01 % HAuCl4
solution (80×50 mm (300×300 DPI))

Fig. 6 AFM image of AuD@PPy nanoparticles prepared by mixing
0.05 mL of 0.3-M pyrrole solution with 10.0 mL of 0.01 % HAuCl4
solution (80×52 mm (300×300 DPI))

Fig. 7 UV–vis spectra of AuD@PPy core–shell nanoparticles prepared
by adding 1.0 mL (a), 0.2 mL (b), and 0.05 mL (c) of 0.3-M pyrrole
solution to 10.0 mL of 0.01 % HAuCl4 (93×74 mm (300×300 DPI))

Fig. 8 XRD patterns of AuD@PPy core–shell nanoparticles prepared by
adding 1.0 mL (a), 0.2 mL (b), and 0.05 mL (c) of 0.3-M pyrrole solution
to 10.0 mL of 0.01 % HAuCl4 (91×71 mm (300×300 DPI))
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repulsion. When the pyrrole amount decreases, less surface of
the gold core is covered by the PPy oligomer, and excess
HAuCl4 would further oxidize the PPy oligomer/polymer
and deposit on the gold core to produce bigger and more
compact gold cores and inhomogeneous PPy shells. It also
results in possible aggregation of the nanoparticles during the
growth as the repulsive force between the nanoparticles de-
creases due to the low PPy coverage on gold core.

It is worthy of a note that although the Au/PPy nanocom-
posite has been previously prepared by reacting HAuCl4 with
pyrrole, no well-defined core–shell nanoparticle was obtained
[31]. It is possibly due to the presence of high-concentration
surfactant and hydrochloric acid (HCl) in the reaction solution
in that work. The HCl changes the pH value of the solution
and thus changes the growth kinetics of both elemental gold
and PPy polymer; the high ionic strength in the reaction
solution would screen the electrostatic repulsion between
PPy polymer, resulting big aggregates. At the same time, the
surfactant may also prevent the fast adsorption of PPy on gold
surface.

Catalytic activity and durability of AuD@PPy nanoparticles
toward MB reduction

Nanostructured gold and its composites have demonstrated
high catalytic activity in a wide variety of reactions such as the
reduction of various dyes [14, 32]. As-prepared AuD@PPy
nanoparticles may show unique catalytic properties due to
their well-defined core–shell nanostructure and rational com-
bination of gold dendrite and conducting polymer. As a proof-
of-concept, we investigated its catalytic activity and durability
toward the reduction of MB dye by NaBH4, which is usually
used to evaluate the catalytic activity of gold nanostructures or
gold composites [14]. As shown as the UV–vis spectra in

Fig. 10, MB exhibits characteristic peaks at 664 and 615 nm
in aqueous solution (curve a), and when abundant reducing
reagent, NaBH4, was added into the solution for 15-min
reaction, the absorbance at 664 nm slightly decrease, suggest-
ing that very small portion of blue MB was reduced to its
colorless reduced form. In sharp contrast, in the presence of
pre-dispersed AuD@PPy nanoparticles, the color of MB so-
lution quickly disappears in 5 min, and the absorbance inten-
sity on the UV–vis spectrum also vanishes, indicating that all
MB is reduced by NaBH4 due to the presence of the
AuD@PPy nanoparticles, which possess high catalytic activ-
ity toward the reduction of MB. It is not surprising even
though the active gold surface was coated by the PPy shell,
because the PPy thin film allow for free access of small
molecules to the underlying gold surface due to its porous
nature [33].

The reusability of catalyst is also essentially important for
gold-based heterogeneous catalysis. The catalytic durability of
AuD@PPy nanoparticles was further investigated by succes-
sive catalytic reaction ofMB reduction. In each cycle, after the
MB solution turned colorless, the AuD@PPy nanoparticles
were collected from the reaction solution by simple centrifu-
gation and re-dispersed in MB solution for the next cycle of
catalysis. Our experiments reveal that even after eight cycles
of reactions, the MB solution changes to colorless solution in
several minutes in the presence of AuD@PPy nanoparticles,
suggesting that the AuD@PPy nanoparticles retain their high
catalytic activity toward MB reduction reaction. Our control
experiments further unveil that the citrate-capped AuNPs
completely lose their catalytic activity after only two succes-
sive MB reduction reaction, which is consistent with previous
observation, possibly due to the low efficiency of catalyst
separation and aggregation-induced deterioration of catalytic
activity [32]. This comparison highlights the excellent

Fig. 9 Raman spectra of AuD@PPy core–shell nanoparticles prepared
by adding 1.0 mL (a), 0.2 mL (b), and 0.05 mL (c) of 0.3-M pyrrole
solution to 10.0 mL of 0.01 % HAuCl4 (93×71 mm (300×300 DPI))

Fig. 10 UV–vis spectra of 0.01 mg mL−1 of MB solution (a),
0.01 mg mL−1 of MB solution with 0.05 mg mL−1 of NaBH4 after 15-
min reaction in the absence (b) or presence of 0.1 mgmL−1 of AuD@PPy
nanoparticles (c) (97×73 mm (300×300 DPI))
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catalytic durability of AuD@PPy nanoparticles, very likely
contributed from the protection of the PPy shell to
prevent nanoparticle aggregation.

Conclusions

In summary, we reported a facile one-step method for synthe-
sis of monodisperse AuD@PPy core–shell colloidal nanopar-
ticles by simply mixing pyrrole with HAuCl4 solution at room
temperature without the need of heating, irradiation, or sur-
factant. In this reaction, the pyrrole reduces HAuCl4 to ele-
mental gold and its oxidative product, i.e., PPy, acts as a ligand
to cap and guide the growth of gold nanostructure and pre-
vents the formation of large gold core; also, the positively
charged PPy shell confers the monodispersity of the
AuD@PPy nanoparticles by inter-particle electrostatic repul-
sion. Contributed from their well-defined core–shell nano-
structure, as-prepared AuD@PPy nanoparticles exhibit high
catalytic activity and long-term stability toward the reduction
of MB dye.
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