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In this Article, we demonstrate an effective hydrothermal route for the synthesis of multiple PDDA-protected (PDDA
) poly(diallyl dimethylammonium) chloride) noble-metal (including silver, platinum, palladium, and gold) nanostructures
in the absence of any seeds and surfactants, in which PDDA, an ordinary and water-soluble polyelectrolyte, acts
as both a reducing and a stabilizing agent. Under optimal experimental conditions, Ag nanocubes, Pt and Pd
nanopolyhedrons, and Au nanoplates can be obtained, which were characterized by transmission electron microscopy
, scanning electron microscopy, energy-dispersive spectroscopy, and X-ray diffraction. More importantly, the
nanostructures synthesized show potential applications in surface-enhanced Raman scattering and electrocatalysis,
in which Ag nanocubes and Pt nanopolyhedrons were chosen as the examples, respectively.

Introduction

Metal nanoparticles, especially noble metals, are of widely
interest due to not only their large surface areas but also
their specific functions and potential applications, which are
different from those of bulk metal solids.1 The intrinsic
properties of noble-metal nanoparticles are mainly deter-
mined by their size, shape, composition, and crystallinity.2

As a result, the synthesis of size- and shape-controlled noble-
metal nanoparticles has attracted worldwide attention in
recent years. Currently, various synthetic methods are
available for the production of nanoparticles with well-
controlled sizes and shapes.2,3 However, the most convenient
and popular method is based on a hydrothermal route, and
many noble-metal nanoparticles in the form of spheres,4

cubes,5 rods,6 plates,7 and wires8 have been successfully
synthesized by the use of this method. These noble-metal

nanoparticles can be used as excellent substrates for surface-
enhanced Raman scattering (SERS) by adjusting the shape
and aspect ratio of the nanoparticles, and the surface plasmon
resonance (SPR) can also be tuned to resonate with a laser
and optimize the electromagnetic enhancement.9 In catalysis,
it is well-known that both the reactivity and selectivity of Pt
nanoparticles in a catalytic reaction are strongly dependent
on the crystallographic planes exposed on the surfaces of
the nanoparticles.10

Polyelectrolytes are often used to modify solid surfaces
and colloids, exploiting the electrostatic attraction for their
deposition.11 As a branch of charged polymers, polyelectro-
lytes can be deposited on solid surfaces layer-by-layer,
enabling the control of the total polymer thickness by the
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number of layers deposited.12 Due to electrostatic stabiliza-
tion, polyelectrolytes can also be used as stabilizing agents
for colloids.13 Recently, it was found that some polyelec-
trolytes such as poly(sodium acrylate),14 linear polyethylen-
imine,7a,15 and poly(diallyl dimethylammonium) chloride
(PDDA)16 can act as both a reducing and a stabilizing agent
in the synthesis of gold nanoparticles. In this Article, we
reported an effective hydrothermal route for the synthesis
of polyelectrolyte-protected noble-metal nanostructures by
use of PDDA (the molecular structure is shown in Figure
1), which acts as both a reducing and a stabilizing agent. As
an extension of our previously reported paper about the
synthesis of PDDA-protected gold sphere nanoparticles,16 this
Article is intended to make this synthetic route more effective
for the synthesis of multiple PDDA-protected noble-metal
(including silver, platinum, palladium, and gold) nanostruc-
tures in the absence of any seeds and surfactants. Whereas
the Ag nanocubes obtained show potential application in
SERS, which can be used as a SERS substrate with high
sensitivity for the probe molecule ofp-aminothiophenol (p-
ATP), the Pt nanopolyhedrons show good electrocatalytic
ability for O2 reduction.

Experimental Section

Chemicals.PDDA (50 wt % in water,Mn ∼ 5000,Mw 20 000)
andp-ATP were purchased from Aldrich. AgNO3, H2PtCl6, PdCl2,
HCl, and NH3‚H2O (25%) were obtained from the Beijing Chem.
Co. All reagents were used as received without further purification.
The water used was purified through a Millipore system.

Synthesis.In typical experiments, 800µL of PDDA (0.27 M,
the concentration was calculated in terms of the repeating unit),
10 mL of AgNO3 (20 mM) and 400µL of NH3‚H2O (25%, NH3‚
H2O was added to get rid of the AgCl produced); 200µL of PDDA
(0.27 M), 5 mL of water, and 600µL of H2PtCl6 (19.3 mM); 1200
µL of PDDA (0.27 M), 5 mL of water, and 600µL of H2PdCl4
(56.4 mM, 1 g ofPdCl2 was dissolved in 36 mL of 0.2 M aqueous
HCl solution and then diluted to a 100 mL volume with water);
and 600µL of PDDA (0.27 M), 5 mL of water, and 600µL of
HAuCl4 (24.3 mM) were mixed under vigorous stirring for 0.5 h.
Then the different mixtures were transferred into 15 mL Teflon-
sealed autoclaves and heated at 170°C for 16 h, 140°C for 40 h,
190 °C for 40 h, and 170°C for 12 h, respectively. After the
reaction, the autoclaves were allowed to cool in air and the

suspensions were centrifuged for 20 min at 8000, 12000, and 8000
rpm for Ag, Pt, and Pd, respectively, and the precipitates were
washed with purified water and centrifuged/rinsed three times; for
Au, the product precipitated naturally without centrifugation due
to its very high specific gravity.

Instrumentation. The samples for transmission electron mi-
croscopy (TEM), X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy-dispersive spectroscopy (EDS), and
X-ray photoelectron spectra (XPS) characterization were prepared
by placing a drop of colloidal solution on a carbon-coated copper
grid, clean glass, indium tin oxide (ITO), or silicon plates,
respectively. TEM measurement was made on a JEOL 2000
transmission electron microscope operated at an accelerating voltage
of 200 kV. The XRD pattern was collected on a D/Max 2500 V/PC
X-ray diffractometer using Cu (40 kV, 200 mA) radiation. The SEM
and EDS data were obtained on a XL30 ESEM FEG scanning
electron microscope equipped with X-ray EDS capability at an
accelerating voltage of 20 kV. The XPS analysis was performed
on an ESCLAB MKII instrument using Mg as the exciting source.
The charging calibration was performed by referring the C1s to
the binding energy at 284.6 eV. The operating pressure in the
analysis chamber was below 10-9 Torr with a analyzer pass energy
of 50 eV. Fourier transform infrared (FTIR) analysis was carried
out using a Nicolet 520 SXFTIR spectrometer. The spectra were
obtained by mixing the sample with KBr, acquiring an average of
120 scans and 4 cm-1 resolution. SERS spectra were recorded with
a J-Y T64000 microRaman spectrometer (Jobin-Yvon, France)
equipped with a liquid nitrogen-cooled CCD detector. The spectra
were obtained by using the 514.5 nm line of a continuous-wave
Ar+ ion laser (SpectraPhysics 2713), the accumulation time was
10 s, and the incident power was 10 mW. Cyclic voltammetry was
performed with a CHI 600 electrochemical workstation (CH Instru-
ment Co., U.S.) in a conventional three-electrode electrochemical
cell with the Pt nanopolyhedrons-modified ITO as the working
electrode, a large platinum foil as the auxiliary electrode, and KCl-
saturated Ag/AgCl as the reference electrode. The Pt nanopolyhe-
drons-modified ITO electrode was prepared by placing a drop of
colloidal solution on an ITO surface and dried under an infrared
lamp. The real surface areas of bulk Pt electrode and Pt nanopo-
lyhedrons-modified ITO electrode were estimated by graphical
integration of the area under the hydrogen-adsorption peak accord-
ing to a well-established method17 (assuming a monolayer of H
adatoms requires 210µC‚cm-2). The current density is used as the
ratio of current to the real surface area. For the blank ITO electrode,
the current density is the value based on its geometric surface area.

Results and Discussion

Synthesis and Characterization of the Multiple PDDA-
Protected Noble-Metal Nanostructures. As shown in
Figure 2, multiple noble-metal nanostructures including Ag
nanocubes, Pt and Pd nanopolyhedrons, and Au nanoplates
are obtained by using the hydrothermal route. The inset in
Figure 2a shows a typical TEM image of Ag nanocubes,
showing that these Ag nanocubes are single crystals with
sharp corners and edges with about 58 nm in average edge
length. Pt and Pd nanopolyhedrons have average sizes of 10
and 60 nm (Figures 2b and 2c), respectively. While the Au
nanoplates with different sizes (from 10 to 200µm) are
mainly in the triangle, truncated triangle, and hexagon shapes
(Figure 2d), the thickness of the Au nanoplates is about 311
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Figure 1. Molecular structure of PDDA; the value ofn is about 31.
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nm as shown in the inset in Figure 2d. EDS spectra clearly
show the corresponding peaks of Ag, Pt, Pd, and Au (Figure
3), demonstrating that the main components of these four
nanostructures are metallic Ag, Pt, Pd, and Au, respectively.
Figure 4 gives four representative XRD patterns of these four
noble-metal nanostructures, and the peaks can be indexed

to the face-centered cubic (fcc) Ag, Pt, Pd, and Au structures,
respectively. After calculation, the lattice constants are 4.074,
3.939, 3.916, and 4.098 Å for Ag nanocubes, Pt and Pd
nanopolyhedrons, and Au nanoplates, respectively, which are
values in good agreement with their standard file (in JCPDS
card,a ) 4.071, 3.938, 3.908, and 4.078 Å for Ag, Pt, Pd,

Figure 2. Typical SEM and TEM images of the PDDA-protected Ag nanocubes (a), Pt nanopolyhedrons (b), Pd nanopolyhedrons (c), and Au nanoplates
(d).

Figure 3. Typical EDS results of the PDDA-protected Ag nanocubes (a), Pt nanopolyhedrons (b), Pd nanopolyhedrons (c), and Au nanoplates (d).
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and Au, respectively). By comparing the intensity ratio of
(111) to (200) with its corresponded conventional value, it
is found that the value for Ag nanocubes is much lower than
the conventional value (0.167 versus 2.22), indicating that
these Ag nanocubes are preferentially oriented with their
{100} planes parallel to the supporting substrate.5a,18 The
values for Pt and Pd nanopolyhedrons and gold nanoplates
are higher than their corresponding conventional values (for
Pt, 2.845 versus 2.2; for Pd, 8.2 versus 2.26; for Au, 92.4
versus 1.92), demonstrating that the faces of these nano-
structures are dominated by{111} planes at different
degrees.19-21 To clarify these comparisons, we also sum-
marize these data in Table 1.

As a representative case, we chose synthesized Pd
polyhedrons to examine the molar ratio between PDDA and
H2PdCl4’s influence on the morphologies of the Pd products
thus formed. Two samples were prepared under conditions
identical to those of the Pd nanopolyhedrons shown in Figure
2c, but the the volume of PDDA used (0.27 M) was

decreased from 1200µL to 600 and 200µL, respectively.
When the volume of PDDA (0.27 M) was reduced to 600
µL, the size of the Pd polyhedrons was not uniform; many
of them are about 200 nm in edge length, and some large
Pd polyhedrons can be clearly seen (Figure 5a). By continu-
ously decreasing the volume of PDDA used (0.27 M) to 200
µL, many large Pd polyhedrons (about 1-2 µm in size) can
be obtained, as shown in Figure 5b. Therefore, the molar
ratio of PDDA to H2PdCl4 is the key factor that determines
the size of Pd polyhedrons.

To clearly characterize the structure change of PDDA after
reaction, FTIR and XPS measurements are adopted, as shown
parts a and b of Figure 6, respectively. The FTIR spectrum
of PDDA-protected Au nanoplates (curve b) is similar to
that of the original PDDA (curve a), although a slight shift
of wavenumber is observed. The most difference between
these two FTIR spectra in Figure 6a is the appearance of
two new peaks at 1385 and 831 cm-1 in curve b, which are
assigned to NdO and C-N vibrations, respectively.22 This
may prove that the nitroso group is produced after PDDA
reacted with HAuCl4. Figure 6b gives the typical XPS spectra
of the N 1s electron region of PDDA (curve a) and PDDA-
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Figure 4. Typical XRD patterns of the PDDA-protected Ag nanocubes (a), Pt nanopolyhedrons (b), Pd nanopolyhedrons (c), and Au nanoplates (d).

Table 1. Summary of the SEM, TEM, XRD, and EDS Data

SEM and TEM XRD EDS

main shape average size (nm) lattice constant (Å)
intensity ratio of

(111)/(200) main peaks

Ag nanocubes about 58 4.074 4.071a 0.167 2.22a Ag, C
Pt nanopolyhedrons about 10 3.939 3.938b 2.845 2.2b Pt, C, Cl
Pd nanopolyhedrons about 60 3.916 3.908c 8.2 2.26c Pd, C, N
Au nanoplates 10× 103 to 200× 103,

about 311 in thickness
4.098 4.078d 92.4 1.92d Au, C, N

a Refer to JCPDS card 87-0719.b Refer to JCPDS card 87-0642.cRefer to JCPDS card 87-0643.dRefer to JCPDS card 04-0784.
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protected Au nanoplates (curve b). Comparing the N 1s
spectrum of PDDA to that of PDDA-protected Au nano-
plates, the principal peak at 401.9 eV, due to N+, is
preserved; a second peak, at 399.4 eV, due to an uncharged
component in PDDA almost disappears,23 while a new peak
appears at 405.7 eV, possibly due to the presence of the
nitroso group in the PDDA-protected Au nanoplates, indicat-
ing part of the N or N+ in PDDA has been oxidized to the
nitroso group,24 which is agrees well with the aforementioned
FTIR data.

On the basis of the above analysis, the reduction of noble-
metal salts by the polyelectrolyte PDDA can be applied as
an effective hydrothermal route for the synthesis of multiple
noble-metal nanostructures including Ag, Pt, Pd, and Au.
The major advantage of this synthetic route is that the
polyelectrolyte PDDA can work as both a reducing and a
stabilizing agent. From the synthetic conditions, it can also
be determined that PDDA is a mild reductant. Perhaps just
about this point, PDDA can reduce noble-metal salts at a
sufficiently slow rate so that the growth becomes kinetically
controlled, particularly in the nucleation stage, leading to
the formation of highly anisotropic nanostructures with
certain preferential growth directions.25 It is also well-known
that the surface energies associated with different crystal-

lographic planes are usually different, and a general sequence
of γ{111} < γ{100} < γ{110} may hold. Therefore, it is
commonly accepted that the shape of an fcc nanocrystal is
mainly determined by the ratio (R) of the growth rate along
the [100] direction versus that of the [111] direction.26 In
this system, due to the fact that the{111} facet of the fcc
noble metals (including Pt, Pd, and Au) has the lowest
surface energy and PDDA probably preferentially adsorbs
on the sites of the{111} facet, the noble metal’s nuclei
obviously slows (or prevents) the growth on the{111} facet
and promotes a highly anisotropic crystal growth such as
that along the [100] and/or [110] direction/s. Thus,{111}-
faceted Pt and Pd nanopolyhedrons and gold nanoplates are
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Figure 5. Typical SEM images of the PDDA-protected Pd polyhedrons synthesized under conditions identical to those shown in Figure 2c, but with the
volume of PDDA (0.27 M) reduced from 1200µL to 600 (a) and 200 (b)µL, respectively.

Figure 6. (a) FTIR spectra of PDDA (curve a) and PDDA-protected Au nanoplates (curve b). (b) XPS spectra of N 1s electron region of PDDA (curve
a) and PDDA-protected Au nanoplates (curve b).

Figure 7. SERS spectrum of 10-7 M p-ATP on the PDDA-protected Ag
nanocubes (curve b) and normal Raman spectrum of solidp-ATP (curve
a).
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formed eventually. For the case of Ag nanocubes, the
introduction of a foreign reagent (NH3‚H2O) plays an
important role in greatly changing the relative growth rates
along certain directions; that is, the Ag nuclei can signifi-
cantly reduce the growth rate along the [100] direction and/
or enhance the growth rate along the [111] direction, and
ultimately, Ag cubic particles result.5,27

SERS ofp-ATP on the PDDA-Protected Ag Nanocubes
and Electrocatalytic Property of the PDDA-Protected Pt
Nanopolyhedrons.Metal nanoparticles have shown wide
applications in optical and catalysis due to their inherent
properties such as SPR and high density. We choose PDDA-
protected Ag nanocubes and Pt nanopolyhedrons as repre-
sentative examples for the investigation of SERS and
electrocatalytic properties, respectively. Here,p-ATP was
chosen as a probe molecule because it can form a self-
assembled monolayer on a metal surface and most of its
prominent Raman bands have been assigned. Figure 7 shows
the SERS spectrum of 10-7 M p-ATP (curve b) on Ag
nanocubes and the normal Raman spectrum of solidp-ATP
(curve a). Comparing the SERS spectrum ofp-ATP with
that of the normal Raman spectrum of solidp-ATP, the
noticeable differences in the SERS spectra of these Ag
nanocubes are those of frequency shift and intensity change
for most of the bands, such as theνCS band shifts from 1085
to 1077 cm-1 and theνCC band shifts from 1591 to 1580
cm-1. These changes of several main bands indicate that the
thiol group in p-ATP is in direct contact with the Ag
nanocubes.28 It can also be clearly observed that the two main
vibration modes a1 and b2 all appear in the SERS spectrum
of p-ATP on Ag nanocubes, in which the peaks at 1580,
1435, 1390, and 1144 cm-1 ascribed to the b2 vibration mode
suggest that the enhancement via the charge-transfer reso-
nance mechanism is significant, while the peak at 1077 cm-1

belonging to the a1 vibration mode implies that an electro-

magnetic mechanism is also important.29 Therefore, the
PDDA-protected Ag nanocubes can be used as SERS
substrate with high sensitivity.

Regarding the use of Pt as the most efficient catalyst for
O2 reduction, the PDDA-protected Pt nanopolyhedrons are
expected to keep these properties for their future applications
as cathodes in fuel cells. The inset in Figure 8a gives the
representative cyclic voltammograms (CVs) obtained from
-0.2 to 1.5 V at the bare and Pt nanopolyhedrons-modified
ITO electrode in N2-saturated 0.1 M H2SO4. It can be seen
that CV of Pt nanopolyhedrons-modified ITO electrode
(curve b) is similar to that of a polycrystalline Pt electrode,
displaying the hydrogen adsorption/desorption peaks and
preoxidation/reduction peaks.30 No current response occurs
at the bare ITO electrode (curve a) in this potential region.
CVs for O2 reduction at these two electrodes in air-saturated
0.1 M H2SO4 are shown in Figure 8a. Compared with that
of the bare ITO (curve b), at the Pt nanostructures-modified
ITO electrode a remarkable cathodic peak occurs at 0.19 V
(curve d), attributed to the catalytic reduction of O2. While
these two electrodes only give small background current in
N2-saturated 0.1 M H2SO4 (curves a and c), the much more
positive shift of peak potential and higher increase in the
peak current for O2 reduction indicates that a significant
electrocatalytic effect resulted from the Pt nanopolyhedrons.
To further demonstrate the high electrocatalytic ability of
the Pt nanopolyhedrons, we also use a bulk Pt electrode for
comparison, as shown in Figure 8b. It can be seen that the
CV for O2 reduction at the Pt nanopolyhedrons-modified ITO
electrode (curve b) shows much higher current density than
that of the bulk Pt electrode (curve a). Meanwhile, the
overpotential toward O2 reduction is also increased, dem-
onstrating the stabilizing agent PDDA on the Pt nanopoly-
hedrons’ surface somewhat hampers their electrocatalytic
ability toward O2 reduction.
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Figure 8. (a) CVs of O2 reduction at the bare (curve a and b) and Pt nanopolyhedrons-modified ITO electrodes (curves c and d) in N2-saturated (curves
a and c) and air-saturated (curves b and d) 0.1 M H2SO4. Inset: CVs of bare (curve a) and Pt nanopolyhedrons-modified ITO (curve b) electrodes in
N2-saturated 0.1 M H2SO4. (b) CVs of O2 reduction at the bulk Pt electrode (curve a) and Pt nanopolyhedrons-modified ITO electrode (curve b) in air-
saturated 0.1 M H2SO4. Scan rate, 50 mV‚s-1.
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Conclusions

In this Article, we demonstrate an effective hydrothermal
route for the synthesis of multiple PDDA-protected noble-
metal nanostructures including Ag nanocubes, Pt and Pd
nanopolyhedrons, and Au nanoplates in the absence of any
seeds and surfactants. The major advantage of this syn-
thetic route is that PDDA, an ordinary and water-soluble
polyelectrolyte, can work as both a reducing and a stabilizing
agent. As the representative PDDA-protected noble-
metal nanostructures, the Ag nanocubes can be used as a

SERS substrate with high sensitivity and the Pt nanopoly-
hedrons show good electrocatalytic ability for O2 reduction.
It is also expected that these PDDA-protected noble-metal
nanostructures can find more applications in biosensors, SPR,
etc.
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