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A simple pulse sonoelectrochemical technique was used to synthesize highly dispersed
spherical palladium particles and a dendritic Pd superstructure in the presence of
cethyltrimethylammonium bromide (CTAB) at room temperature. The shape and size
of spherical nanocrystalline Pd can be controlled by varying current density,
the interval between two continuous ultrasonic pulses, ultrasonic intensity, and the
concentration of CTAB. The possible growth mechanism of dendritic-structured Pd
is discussed.

I. INTRODUCTION

In recent years nanometer-scale noble metals have re-
ceived considerable interests in various scientific disci-
plines due to their remarkable catalytic, electronic,
magnetic, optical, and mechanical properties, which dif-
fer from the bulk materials.1 The specific catalytic prop-
erties of nano-sized metal clusters are usually associated
with a change in their electron properties relative to the
bulk samples. This change is requisitioned by the
quantum-size effect and is usually prevailing with a great
enhancement in catalytic activity.2,3 Hence, the prepara-
tion methods of noble metal nanoparticles have been
widely investigated, and various synthetic approaches in-
cluding the reduction method,4 metal vaporization,5 the
sol-gel process,6 the laser ablation method,7 and sono-
chemical methods8 have been reported. However, the
procedures for size- and shape-controlled preparation of
monodispersed nanoparticles are limited.9

Sonochemistry has been in use for a while.10 The ef-
fect of ultrasonic radiation on chemical reaction is due to
cavitation, whereby very high temperatures and pressures
are transiently formed (submicrosecond) in collaps-
ing bubbles.11 Recently, the potential benefits of com-
bining sonochemistry with electrochemistry became
increasingly studied. Some of these beneficial effects

include acceleration of mass transport, cleaning and de-
gassing of the electrode surface, and increased reaction
rates.12 Sonoelectrochemical formation of nanoscale
metal and semiconductor powder was accomplished by
applying an electric current pulse to nucleate the electro-
deposit, followed by a burst of untransonic energy that
removes the particles from the sonic probe cathode.13–16

In this report, we describe a sonoelectrochemical route
to prepare highly dispersed palladium nanoparticles with
different shapes including various sized spherules and
dendritic crystals. The experiment is based on electrore-
duction of PdCl2 in the presence of cethyltrimethylam-
monium bromide (CTAB). Experimental conditions that
influenced the growth of nanoparticles were investigated.
The phase purity of the product was analyzed by x-ray
powder diffraction, and the morphology of particles was
characterized by transmission electron microscopy
(TEM) and high-resolution transmission electron micros-
copy (HRTEM).

II. EXPERIMENTAL

All the reagents used were of analytical purity and
used without any further purification. PdCl2 was pur-
chased from Fluke Co., and CTAB was supplied by the
Shanghai Chemical Reagent Company (Shanghai, China).

First, 0.01 mol/l PdCl2 and varied amounts of CTAB
were dissolved in distilled water to form a final volume
of approximately 50 ml. A titanium horn (XinZhi JY92-
2D, 0.6 cm diameter; 20 kHz) acting both as the cathode
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and the ultrasound emitter was immersed into the as-
prepared solution. The electroactive part of the sonoelec-
trode was the planar circular surface (area � 0.28 cm2)
at the bottom of the horn. The immersed cylindrical part
was isolated by a plastic jacket. This sonoelectrode pro-
duced a sonic pulse that followed immediately a current
pulse. The course could be demonstrated as Fig. 1.
A pulse drive was used to control a potentiostat (devised
by the Applied Physics Institution of Nanjing Univer-
sity). At the end of the reaction, the precipitate was cen-
trifuged, washed with distilled water for three times, and
dried in air. The phase purity of the products was char-
acterized by a Philips X’pert (Eindhoven, The Nether-
lands) x-ray diffractometer.

The morphology of as-prepared products was ob-
served by a JEOL-JEM 200CX transmission electron
microscope (accelerating voltage: 200 kV) and JEM-
4000EX high-resolution transmission electron micro-
scope (accelerating voltage: 400 kV) (Japan).

III. RESULTS AND DISCUSSION

The final precipitate was first characterized by x-ray
diffraction (XRD) at a scanning rate of 4°/min in the 2�
range from 30 to 75°, with graphite-monochromatized
Cu K� radiation (� � 0.154 18 nm) and a nickel filter.
All diffraction peaks could be indexed to the face-
centered cubic (fcc) phase of palladium (JCPDS 05-
0681),17 indicating the high purity of palladium in the
products. The pattern of the XRD is shown in Fig. 2.

Samples for TEM measurements were prepared by
dispersing a fraction of products in alcohol in the ultra-
sonic bath and then placing a drop of suspension on a
copper grid coated with carbon film. Figure 3 shows the
TEM images of as-prepared Pd nanoparticles. It is found
that spherical [Fig. 3(a)] and dendritic [Fig. 3(b)] mor-
phologies can be obtained. The inserts are typical
selected-area electron diffraction patterns of spherical
and dendritic palladium nanoparticles. The diffraction pat-
terns indicate the crystalline nature of the as-prepared Pd
nanoparticles. To further investigate the morphology of

nanocrystals, HRTEM is used. In Fig. 4, the HRTEM
image shows that the nanoparticles are mostly spherical,
and the average size of nanoparticles is about 4–5 nm.
The result indicates that growth of Pd nanocrystals can be
confined under our reaction conditions. The lattice plane
spacing calculated from the image is 2.26 Å hkl (100),

FIG. 2. Pattern of XRD.

FIG. 3. (a) TEM image of typically synthesized spherical Pd nano-
particles. (b) TEM image of dendritic-structured Pd nanoparticles. In-
serts show selected-area electron diffraction of prepared spherical Pd
nanoparticles and dendritic-structured Pd.FIG. 1. Schematic of the sonic and electrochemical wave form.
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which is typical for the fcc palladium structure. At the
same time, we also discovered that when the reaction
time exceeds 2.5 h, dendritic structured Pd can be ac-
quired. The dendritic palladium is made up of numerous
spherical Pd nanoparticles with a diameter of approxi-
mately 10 nm; each branchy rod of a Pd superstructure is
a wire that spontaneously self-assembles from individual
Pd nanoparticles, that is, a wirelike structure which re-
sembles pearl-necklace agglomerates18 [Fig. 3(b)]. The
mechanism for the growth of dendritic structure will be
discussed in Sec. III. B.

A. Controllable synthesis of spherical
Pd nanoparticles

To control the size of Pd nanoparticles, some experi-
mental varieties were studied. These conditions included
electrolyte composition, electrodeposition–current den-
sity, interval between ultrasonic pulse, and sonic probe
conditions (power, pulse parameters).

First of all, electroreduction conditions were investi-
gated. In this step, Pd was reduced from Pd2+ ions in the
solution and formed nuclei on the surface of electrode.
Two parameters, current density and deposition time be-
tween two continuous sonic pulses, were involved in this
step. The current density was found to be an important
factor to determine the size of crystals. Figures 5(a) and 5(b)
are the TEM images of Pd nanoparticles prepared under
different current densities. The corresponding size distri-
butions of the Pd nanocrystals extracted from the TEM
images [Figs. 5(c) and 5(d)] revealed that lower cur-
rent density resulted in larger crystal size. When the
current density changed from 8 to 13 mA/cm2, the diam-
eter of Pd crystals decreased from 10 to 5 nm. The result
coincided with literature.13

Another important parameter of electroreduction con-
ditions is the interval between two continuous ultrasonic
pulses. Figure 5 shows the TEM images of Pd crystals
acquired under different interval between two continuous
ultrasonic pulses. When the interval was set for 1 s, very
few precipitates could be obtained. While as the interval
prolonged to 5–10 s, the as-prepared Pd nanoparticles
were uniform in size and had an average diameter of

FIG. 4. HRTEM image of as-prepared Pd nanocrystals. The scale bar
in the image corresponds to 5 nm.

FIG. 5. TEM images of Pd nanoparticles obtained under different current intensities (a) 13 mA/cm2 and (b) 8 mA/cm2; (c, d) crystal size
distributions of (a) and (b), respectively.
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approximately 10 nm [Fig. 6(a)]. But when the interval
was elongated to 30 s, the Pd nanoparticles became
irregular and agglomerated [Fig. 6(b)]. The intervals be-
tween two continuous ultrasonic pulses were corre-
sponding to electrodeposition time. When the intervals
were too short (1–3 s), the Pd atoms had almost no time
to nucleate on the surface of electrode, so very few Pd
nanoparticles were obtained. Whereas when the deposi-
tion time was too long (>20 s), the nucleated Pd nano-
particles grew bigger and agglomerated on the surface of
electrode. Therefore, under our experimental condition,
5–10 s was found to be an appropriate deposition time to
acquire uniform-sized Pd nanoparticles.

In a sonoelectrochemical procedure, the burst of ultra-
sonic energy removes the Pd particle from the sonic
probe cathode and makes the formed Pd particle rapidly
disperse into solution. The pure physical effects of soni-
cation at a solid surface during the electrochemical proc-
essing suggest several potential advantages: (i) ultrasonic
degassing at an electrode surface prevent gas bubble ac-
cumulation interfering with the passage of current; (ii)
agitation (via cavitation) at the electrode surface assists
ion transport across the electrode double layer through-
out the electrochemical process and reduces ion deple-
tion in the layer.16 Therefore, the parameters of
ultrasonic pulses surely play important roles in determin-
ing the size of nanoparticles. It was found that the crys-
talline shapes were uniform and highly dispersed when
the intensity was in the range 20–80 W/cm2. When the

intensity was below 20 W/cm2, the shape of particles
appeared irregular and agglomerated. Due to the low en-
ergy of ultrasound, the Pd nanoparticles cannot be re-
moved from the surface of the electrode clearly. The
remaining nuclei continued to grow in the next cycle of
reduction. Therefore, irregular Pd particles were ob-
tained. A similar phenomenon was also observed when
the intensity was above 120 W/cm2; the crystalline shape
became irregular and agglomerated again. The reason
may be that the solution is rapidly heated to a high tem-
perature (approximately 90 °C). In such a condition, mi-
crostructures of surfactants changed and failed to prevent
particles from agglomerating.19

Finally, the concentration of surfactant also signifi-
cantly influences the growth of nanoparticles. When the
concentration of CTAB is below 5 mmol/l, only ran-
domly shaped and mostly aggregating particles can be
obtained. As the concentration of CTAB increased to
50 mmol/l, the as-prepared Pd nanoparticles are dis-
persed and almost uniform in shape and size [Fig. 7(a)].
When the concentration of CTAB increased to 75 mmol/l,
more uniform nanoparticles was acquired [Fig. 7(b)]. The
size distributions show that the size of Pd nanoparticles
increased from 5 to 13 nm as the CTAB concentra-
tion increased from 50 to 75 mmol/l [Figs. 7(c) and 7(d)].

B. Synthesis of dendritic-structured palladium

It is an interesting phenomenon that we also obtain
dendritic-structured Pd nanoparticles via this method.
To the best of our knowledge, we are the first group to
synthesize dendritic-structured Pd nanoparticles via the
sonoelectrochemical route. Recent studies have shown
that the dendritic structures might be useful for sensing
and catalyst applications due to the large open channels
between the branches beside the nanoscale porosities
within the single dendritic particles.20 Therefore, the pres-
ent fabricated dendritic-structured palladium super-
structure may be available for those applications, and the
sonoelectrochemical approach could be an important
way to synthesize such structures.

The dendritic-structured Pd nanoparticles could only
be obtained by performing the reaction for more than 2.5 h
[Fig. 3(b) and Fig. 8]. The model adapted for the expla-
nation of the growth of the treelike structure is widely
known as diffusion-limited aggregation (DLA).21 The
growth mechanism of the dendritic-structured palladium
may involve cluster formation by the adhesion of par-
ticles to a selected seed on contract and allow the particle
to diffuse and stick to the growing structure. We think
that a recently developed model may explain the mecha-
nism more reasonably. The model is based on the sus-
pensive electrode concept; that is, the particles suspended
in solution gain the electrode potential and thus act as
part of the electrode.22 The suspended nanoparticles are

FIG. 6. TEM images of Pd nanoparticles prepared under different
intervals between two continuous ultrasonic pulses: (a) 5 s; (b) 30 s.
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moved in the solution by the sonic wave, hit the sono-
electrode, accept its potential, and travel back to the so-
lution. These charged particles acting as part of the
cathode can cause electrodeposition of metal ions and
therefore grow. According to the mechanism, as the elec-
trolyte becomes depleted of Pd ions, the negatively
charged Pd nanoparticles can move longer distances be-
fore they are neutralized. So we presume that Pd particles

reach the anode and grow into a dendritic structure.
When these particles grow big enough, they are detached
from the electrode by the sonic wave. This process needs
a relatively long time for Pd nanoparticles to form the
structure. It reasonably explains why the dendritic struc-
ture only occurs in the products that reacted for 2.5 h
or longer.

IV. CONCLUSION

In summary, shape and size control of Pd nanopar-
ticles were successfully achieved via a simple sonoelec-
trochemical method. Different reaction conditions that
influence the shape and size of Pd nanoparticles were
studied. This method is rather attractive because it pro-
vides an easy approach to synthesize highly dispersed
and differently shaped palladium nanoparticles and su-
perstuctures. The prepared Pd nanoparticles may have
remarkable applications especially in catalysis. The method
can also be extended to other metals and compounds.
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FIG. 7. TEM images of Pd nanoparticles made in different CTAB concentrations: (a) 20 g/l and (b) 30 g/l; (c, d) crystal size distributions of (a)
and (b), respectively.

FIG. 8. TEM image of dendritic-structured Pd nanoparticles prepared
under current intensity of 4.5 mA/cm2.
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