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Electrochemical synthesis of palladium
nanoparticles in PVP solutions and their catalytic
activity in Suzuki and Heck reactions in aqueous
medium

Paula M. Uberman,a Luis A. Pérez,b Sandra E. Mart́ın*a and Gabriela I. Lacconi*b

Small palladium nanoparticles (PdNPs) with large-surface area were synthesized in aqueous media in the

presence of poly(N-vinylpyrrolidone) (PVP) using a simple electrochemical method. Electroreduction of

Pd(II) species on a vitreous carbon electrode was performed by application of a current density pulse and

the resulting PVP–Pd dispersion was formed. Highly concentrated PdNPs suspensions, stabilized with

PVP molecules were obtained in a short time at room temperature. The size and morphology of the

nanostructures obtained depend on the current density (30 to 8 nm PdNPs, for current densities in the

�100 and �350 mA cm�2 range). Nanoparticle structures with large-surface area were investigated by

transmission electron microscopy. The surface area of the PdNPs notably increased when the current

density is more negative. The resulting PVP-stabilized PdNPs showed a very high catalytic activity when

they were used in Suzuki and Heck reactions. With elevated TON and TOF, and in aqueous medium, this

catalytic system proved to be an environmental friendly alternative to the conventional Pd catalyst.
Introduction

Over the last decade, the use of transition metal nanoparticles
(NPs) in catalysis has expanded considerably and led to
remarkable applications. Palladium nanoparticles (PdNPs) are
nowadays widely used in catalysis and have become a strategic
tool for organic transformation, mainly due to the wide range of
applications and the high catalytic activity that they exhibit.1–4

Electrochemical methods provides a simple, low cost and
effective approaches to obtain Pd nanostructured materials at
large scale under different experimental conditions.5–10 More-
over, some advantages of using electrochemical procedures for
obtaining NPs can be summarized as follows: (i) high repro-
ducibility; (ii) they can be performed in aqueous solution; (iii)
the size and morphology of the NPs can be controlled by
changing the electrochemical conditions; (iv) colloidal solutions
are produced in a short time; (v) it is a simple experimental
procedure performed at room temperature and (vi) the process
could be carried out in environmentally benign conditions.
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Usually, the electrodeposition process is addressed to obtain
metallic nanoparticles supported on solid substrates. The
amount of particles deposited is restricted because they are xed
to the electrode surface, consideration whichmust be taken into
account when they are used as catalysts in solution. For this
reason, in many cases a colloidal suspension is preferred.11,12

On the other hand, since the catalytic activity of PdNPs is
strongly inuenced by the size and geometry, many studies on
nucleation, growthmechanisms and structural characterization
have been reported.13,14 The Pd(II) species are commonly com-
plexed in aqueous solutions and several additives are normally
incorporated to the bath, in order to modify the characteristics
of the deposited crystallites, such as the microstructure,
geometry, size and aggregation degree.15,16

It was demonstrated that poly(N-vinylpyrrolidone) (PVP) mole-
cules produce a diminution of the metal deposition rate, thereby
monodispersed NPs can be electrochemically synthesized.17–19

Moreover, it was showed that PVP prevents the formation of
aggregates among the formed NPs.19 Taking into account this
issue, the electrochemical synthesis of monodisperse-Pd suspen-
sion in the presence of PVP is a viable alternative that allows the
simple formation of NPs on a large scale production.19,20

We have reported the synthesis of stable PdNPs by electro-
chemical methods using platinum electrodes at room temper-
ature via the direct electroreduction of H2PdCl4 aqueous
solution in the presence of PVP.21 These PdNPs exhibited highly
efficient catalytic activity in Suzuki coupling reaction in
aqueous medium. Particularly high turnover numbers (TON up
This journal is © The Royal Society of Chemistry 2014
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to 104 to 105) were achieved with aryl iodides and bromides. It is
important to note that such a very low Pd loading was excep-
tionally observed with other PdNPs in cross coupling reactions,
and in these cases the term “homeopathic” doses was used.22,23

Considering that the size and morphology of NPs can be
controlled by changing the conditions of preparation, we
decided to explore other experimental conditions for the elec-
trochemical synthesis of PdNPs. It is by using a different elec-
trode material, with the aim to improve the catalytic activity. In
the present work relevant issues for the preparation of
concentrated suspensions of PdNPs by application of a simple
potential-time perturbation to vitreous carbon electrode is
provided. The advantage of using vitreous carbon is not only by
the material cost but also its working window in potential is
much wider than for platinum. The electrochemical strategy for
the PdNPs synthesis was based on a fast charge transfer on the
electrode surface, where an efficient movement of the electro-
lyte allowed that Pd particles (nucleated at the electrode–elec-
trolyte interface) were carried away from the electrode, being
stabilized with PVP molecules in the solution bulk. The study
involved the effect of the current density of the galvanostatic
pulse on the dimensions and catalytic activity of the PdNPs.

The interest in the use of NPs as catalysts has considerably
increased given that nanocatalysis appears to be one of the most
promising solutions towards efficient reactions under mild, and
in some cases, environmentally benign conditions in the context
of green chemistry.1,2,24–27 Accordingly, Pd-based NPs have shown
excellent catalytic performance for coupling reactions.3,28

Particularly, the Suzuki reaction belongs to an indispensable set
of Pd-catalyzed coupling reactions and it is nowadays one of the
most important methods for the formation of biaryls.29–34 Biaryls
backbone plays an important role as organic intermediates for
different applications, including the preparation of biologically
active molecules.35–37 The Heck reaction is a well-established
method for the coupling of aryl halides with olens.38–40 As
mentioned above, in both reactions PdNPs stabilized by poly-
mers, micelles, and ligands have been used as catalysts,3,28 just
as in other C–C coupling reactions.41–43 However, regardless of
advantages of electrochemical method to prepared NPs, only few
examples of the use of electrochemically obtained PdNPs as
catalysts in cross coupling reactions were reported.10,24

In this work, PdNPs with different size were produced by
galvanostatic pulses using vitreous carbon as electrode. The
comparative efficiencies of these catalysts were established for
coupling reactions. There is also an attempt to develop more
efficient and simple catalysts for the Suzuki and Heck coupling
reactions, and the possibility to perform these reactions in
aqueous medium is attractive to the development of sustainable
chemistry. In such way, herein we reported the electrochemical
synthesis and catalytic applications of PdNPs in aqueous
medium for Suzuki and Heck reactions.

Experimental section
Materials and methods

Electrolytes for the electrochemical experiments contain
KNO3, H2PdCl4 and poly(N-vinylpyrrolidone) polymer (Mw
This journal is © The Royal Society of Chemistry 2014
PVP¼ 10 000 Da). Solutions with different concentration of PVP
were prepared from analytical grade chemicals (16 and 28 g L�1)
and Milli-Q-Millipore water.

HCl 35%, iodobenzene, bromobenzene, p-iodoanisole,
p-iodoacetophenone, p-bromoacetophenone, p-iodobenzoni-
trile, p-chlorobenzotriuoride, phenylboronic acid, styrene,
K3PO4, Na2CO3, K2CO3, EtOH 98% and anhydrous Na2SO4 were
used without purication. All solvents were analytical grade and
distilled before use. All reactions were carried out under
atmosphere of nitrogen. Silica gel (0.063–0.200mm) was used in
column chromatography.

Potentiodynamic experiments of the vitreous carbon elec-
trode between �1.25 and 1.0 V at 0.05 V s�1 in quiescent
aqueous solutions with different composition were carried out
in order to establish the electrochemical conditions.44 PdNPs
dispersions were prepared from Pd(II) ions electroreduction by
applying a current density pulse at the vitreous carbon elec-
trode, in the presence of PVP as the stabilizing agent, under
solution stirring. An Autolab PGSTAT100 (ECO CHEMIE)
potentiostat/galvanostat was used for both, the potentiody-
namic experiments and the galvanostatic pulses (synthesis of
PdNPs).

The PdNPs were characterized by Transmission Electron
Microscopy (TEM) using a JEM-Jeol 1120 microscope operating
at 80 kV, available at the Research Institute IFFIVE by INTA in
Córdoba, Argentina. The total content of palladium was deter-
mined by Atomic Absorption in a Perkin Elmer Analyst 600,
using ET (electro thermal mode with graphite furnace) at the
Institute ISIDSA, Universidad Nacional de Córdoba, in Córdoba,
Argentina.

Gas chromatographic analysis were performed on a gas
chromatograph with a ame ionization detector, and equipped
with the following columns: HP-5 25 m � 0.20 mm � 0.25 mm
column. 1H NMR and 13C NMR were conducted on a High
Resolution Spectrometer Bruker Advance 400, in CDCl3 as
solvent. Gas Chromatographic/Mass Spectrometer analyses
were carried out on a GC/MS QP 5050 spectrometer equipped
with a VF-5 ms, 30 m � 0.25 mm � 0.25 mm column. Melting
points were performed with an electrical instrument. MW-
induced reactions were performed in a CEM Focused Micro-
wave TM Synthesis System, Model Discover single mode
instrument.
Synthesis of Pd nanoparticles suspension

Electrochemical experiments were carried out in a three-elec-
trode glass cell at room temperature. The working electrode
was a vitreous carbon (geometric area ¼ 0.085 cm2) with a
platinum foil and a saturated calomel electrode (SCE) as
counter and reference electrodes, respectively. All potentials
are reported with respect to SCE. The vitreous carbon surface
was mechanically polished using alumina–water slurries (0.3
and 0.05 mm) on a polishing cloth. Electro-formation of PdNPs
on the carbon electrode was performed in KNO3 (0.1 M) and
H2PdCl4 (0.5 � 10�3 M) solutions (pH 3.0), at various current
density pulses (�100, �150, �250, �350 and �450 mA cm�2)
during 600 s, with PVP stabilizers (16 and 28 g L�1). In order to
RSC Adv., 2014, 4, 12330–12341 | 12331



Fig. 1 Potentiodynamic profiles at the negative potential scans of
vitreous carbon electrode in quiescent electrolytes: (a) 0.1 M KNO3 +
0.5 mM H2PdCl4 (Qa ¼ �6.8 mC cm�2) and (b) 0.1 M KNO3 + 0.5 mM
H2PdCl4 + 16 g L�1 PVP (Qb¼�4.1 mC cm�2). Potential scan rate: 0.05
V s�1.
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avoid the electrochemical reduction of oxygen, the electrolyte
was saturated with high purity nitrogen during 15 min prior to
each experiment. Strong stirring of the solution (1000 rpm)
with a magnetic stirrer was kept during the synthesis. Under
these conditions, an abrupt color change from yellow to a dark
brown was observed since the rst seconds of the galvanostatic
pulse, indicating the formation of PVP-stabilized PdNPs. Aer
completion of the reaction the aqueous dispersion of PdNPs
was placed in a 25 mL volumetric ask to be used as catalyst
solution for coupling reactions without further purication.

Characterization of Pd nanoparticles

Average dimensions and shape of PdNPs were determined by
transmission electron microscope (TEM) images. Samples for
morphological characterization were prepared by depositing a
drop of the colloidal suspension on a 300 mesh formvar-carbon
coated copper grid and dried at room temperature. Size distri-
bution of PdNPs was established by the average over 100 NPs
from different places at each image of every sample. Distribu-
tion plots of the size were resolved by tting data with a
Gaussian behavior.

The total content of palladium in the colloidal suspensions
was determined by atomic absorption using ET (electro thermal
mode with graphite furnace) without previous digestion.

Representative procedure for the Suzuki coupling reaction

Into a 25 mL Schlenk tube with Teon screw-cap septum
equipped with a magnetic stirrer and a nitrogen inlet, aryl
halide (1a–f) (0.5 mmol), phenyl boronic acid (2a) (0.75 mmol)
and K3PO4 (1.5 mmol) were added, and three cycles vacuum/
nitrogen were performed to change to nitrogen atmosphere.
Then, ethanol (1 mL) and water (to obtain a total volume of 3
mL taking into account the volume of PdNPs solution) were
added. Finally, the required volume of the PdNPs dispersion
was added. At this stage, the formation of a white precipitated
was observed in the reaction mixture. The reaction mixture was
heated for the required time in an oil bath at 90 �C, and the
solid was dissolved within a few minutes of heating. Aer being
cooled to room temperature, the mixture was opened to the air
and diluted with water. Then the mixture was extracted three
times with diethyl ether (30 mL each). The biaryl product was
puried by silica-gel column chromatography aer being dried
with anhydrous Na2SO4.

The products were characterized by 1H NMR, 13C NMR, and
GC-MS. All the spectroscopic data were in agreement with those
previously reported for the following compounds: biphenyl
(3a),45 4-methoxybiphenyl (3b),46 1-(biphenyl-4-yl)ethanone
(3c),47 and 4-ciano-biphenyl (3d).47

Representative procedure for the Heck coupling reaction

Into a 25 mL Schlenk tube with Teon screw-cap septum
equipped with a magnetic stirrer and a nitrogen inlet, aryl
halide (1c, 1f) (0.5 mmol), and K2CO3 (1.5 mmol) were added,
and three cycles vacuum/nitrogen were performed to change to
nitrogen atmosphere. Then, styrene (0.75 mmol), ethanol
(1 mL) and water (to obtain a total volume of 3 mL taking into
12332 | RSC Adv., 2014, 4, 12330–12341
account the volume of PdNPs solution) were added. Finally, the
required volume of the PdNPs dispersion was added. At this
stage, the formation of a white precipitated was observed in the
reaction mixture. The reaction mixture was heated for the
required time in an oil bath at 90 �C, and the solid was dissolved
within a few minutes of heating. Aer being cooled to room
temperature, the mixture was opened to the air and diluted with
water. Then the mixture was extracted three times with diethyl
ether (30 mL each). The stilbene product was puried by silica-
gel column chromatography aer being dried with anhydrous
Na2SO4.

The products were characterized by 1H NMR, 13C NMR, and
GC-MS. All the spectroscopic data were in agreement with those
previously reported for the (E)-1-(4-styrylphenyl)ethanone (4)
compound.48
Microwave assisted Heck coupling reactions

Into a 10 mL MW tube equipped with a magnetic stirrer, aryl
halide (1c, 1f) (0.5 mmol), K2CO3 (1.5 mmol), styrene
(0.75 mmol), ethanol (1 mL) and water (to obtain a total
volume of 3 mL taking into account the volume of
PdNPs solution) were added. Finally, the required volume of
the PdNPs dispersion was added. Then, the reaction tube
was sealed with a rubber cap and heated to 130 �C for 20 min
under MW irradiation (Fixed Power, 50 W) using air
cooling. Aer that, the reaction was cooled to room
temperature and extracted three times with diethyl ether
(30 mL each). The stilbene product 4 was puried by silica-
gel column chromatography aer being dried with anhy-
drous Na2SO4.
Results and discussion
Electrochemical behavior

The electrochemical behavior of vitreous carbon electrode in
the solution used for the galvanostatic synthesis of PdNPs was
determined by experiments of Pd electrodeposition in quiescent
electrolyte. The voltammetric response of the electrode (only the
negative potential scans are shown) in 0.1 M KNO3 and 0.5 mM
This journal is © The Royal Society of Chemistry 2014
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H2PdCl4 solution in the presence and absence of PVP at
0.05 V s�1 are shown in Fig. 1. As can be seen in the absence of
PVP, a current peak due to the electroreduction of Pd(II) ions
was dened at �0.59 V and at potentials more negative than
�0.9 V, the increase in the current was due to the hydrogen
evolution reaction on the carbon electrode (Fig. 1a). When the
solution contained the aqueous soluble PVP polymer, the
potentiodynamic prole showed an onset potential for Pd(II)
electroreduction around �0.34 V and the reduction peak
dened at�0.65 V (Fig. 1b). Cathodic current due to the proton-
electroreduction on the Pd crystallites was noticed at potentials
below �0.9 V. It is well-known that Pd electrodeposition on
vitreous carbon is an irreversible and diffusion-controlled
process.44 On the other side, when PVP was present in the
electrolyte, the cathodic peak potential was notably shied to
more negative values and the charge under the curve was
markedly diminished (Qa and Qb in Fig. 1 caption).

These features were directly related to the inhibition of the
process given by blocking of sites on the surface with PVP
molecules. However, the onset potential for the hydrogen
evolution reaction produced on the deposited particles was not
modied when PVP was present.
Synthesis at constant current

A large-scale production of very small Pd particles with high
stability was feasible when the electrochemical synthesis of
PdNPs was carried out in 0.1 M KNO3 + 0.5 mM H2PdCl4 + 16
g L�1 PVP aqueous solutions. Application of a current density
constant pulse to the vitreous carbon electrode for a period of
time under strong stirring of the electrolyte lead to the elec-
troreduction of Pd(II) ions at the electrode–solution interface.
During the electrochemical synthesis, the metallic NPs were
constantly expelled from the electrode and driven toward the
solution bulk by convective motion and, the pale yellow elec-
trolyte became obscured.

Addition of the water-soluble polymer PVP was performed to
stabilize the Pd particles in solution. As it was shown in the
previous section, the presence of PVP produces inhibition of Pd
Fig. 2 (a) Potential–time curves for Pd(II) ions electroreduction on vitreou
j (�450 < j <�100mA cm�2). Electrolyte: 0.1 M KNO3 + 0.5mMH2PdCl4 +
rate: 1000 rpm. (b) Resistive behavior between the potential values reac
corresponds to the linear fitting and (*) belongs to the potential value fo

This journal is © The Royal Society of Chemistry 2014
electrodeposition on the electrode, which was an advantage for
obtaining smaller particles. In addition, the polymer coating
layer around particles favors the formation of a well-dispersed
solution, preventing coalescence of particles.19 Thus, in order to
obtain a colloidal suspension with well-dispersed NPs, PdNPs
formed at the interface vitreous carbon–electrolyte should not
remain deposited on the surface. Immediately aer the rst
nuclei are formed on the electrode surface, they should be
readily transferred to the bulk solution, where they can be
stabilized with a capping agent. It has been shown that under
suitable conditions of mechanical agitation of the solution, this
experimental requirement could be achieved.18–21

The electrochemical response (potential vs. time transients)
recorded during application of different current pulses at a xed
PVP concentration (16 g L�1) was compared. Fig. 2a shows that
all curves recorded during 600 s aer applying the galvanostatic
pulse had a similar overall behavior. The beginning of the
PdNPs synthesis took place at different potentials, which were
more negative for pulses at lower current densities. Aer 100–
150 s, the potential tended asymptotically to a constant value
reached approximately in 600 s. In all cases, the nal potential
was more positive than the initial one. The potential reached
aer 600 s of the synthesis depended linearly with the value of
the current density applied and the slope of this plot was a
direct measure of the solution resistance (Fig. 2b).

It is important to notice that at the observed potential values,
the mass transport occurred by diffusion and convection
movement in the solution. In fact, there was a competition
between different simultaneous reactions at the vitreous
carbon–electrolyte interface: (a) electrodeposition of the Pd0

nuclei, (b) formation of stabilized Pd particles in the solution,
and (c) hydrogen evolution reaction at the interface. On Scheme
1 it is shown a graphical summary with all the reactions
occurring during the colloidal PdNPs suspension synthesis.

The rst process occurs by electroreduction of Pd(II) ions and
the nuclei are generated on the electrode surface. The second
process is also consequence of the charge transfer performed to
obtain small Pd0 clusters, which are expelled out from the
interface being stabilized in the solution with PVP
s carbon electrode by galvanostatic pulses at different current densities
16 g L�1 PVP10 (except in curve (*) where it is 28 g L�1). Solution stirring
hed after 600 s and the current density applied from data (a); red line
r 28 g L�1 PVP.

RSC Adv., 2014, 4, 12330–12341 | 12333



Scheme 1 Representation of the electrochemical formation of PVP-
stabilized PdNPs by considering the following reactions during the
synthesis. (a) Pd(II) ions electroreduction to obtain Pd0 clusters; (b)
stabilization of Pd clusters in solution with PVP; (c) formation of
molecular H2 from H+ electroreduction.
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molecules.21,49–51 Finally, the third process corresponds to the
formation of molecular hydrogen, which produces large
changes of pH in the vicinity of the electrode. In addition, the
movement of small bubbles can facilitate the departure of the
particles to the solution bulk. Moreover, Pd particles could
approach to the electrode–solution interface again and incor-
porate tiny Pd particles covering the surface. Another important
aspect is the hydrogen absorption by the Pd particles.

It is well-known that the growth of a new phase on metallic
electrodes is very irregular, producing clusters with dendritic
structures when they are performed far to the thermodynamic
equilibrium situation.52 Under the present experimental
conditions (very negative potential values), it would be
predictable the formation of anisotropic NPs. Moreover, reten-
tion of clusters on the electrode surface, could also affect the
production of particles in solution, since they do not only
provide catalytic centers to continue the Pd(II) electroreduction
but also they are blocking part of the vitreous carbon surface.
Due to these features, the synthesis yield can be restricted and
the dispersion of particles size would be increased. Aer gal-
vanostatic experiments, the electrode was observed with a
microscope and very few Pd clusters remained on the surface,
consequently, they were considered negligible compared to the
amount of particles produced in the aqueous dispersion. On the
other hand, the effect of the stabilizer was also considered by
increasing the polymer concentration in the electrolyte. The
potential–time behavior in curve (*) in Fig. 2a, for 28 g L�1 PVP
is practically the same of that containing 16 g L�1 PVP for the
same current pulse (at �350 mA cm�2). There was only a slight
shiing of the potential to more negative values. This feature
was explained by considering that higher stabilizer concentra-
tion facilitates the stripping of particles from the surface in a
manner equivalent to the conditions given by a more negative
12334 | RSC Adv., 2014, 4, 12330–12341
current pulse. Moreover, stability of all PdNPs suspensions
considering individual structures given by the PVP capping
agent was demonstrated aer several months, where no aggre-
gation was observed.

It is well known that the properties of disperse deposits
depend on the potential at which they were electrodeposited. In
the galvanostatic experiments, the apparent current density is
constant and the surface area of the deposit (if it remains on the
electrode) increases leading to diminution of the real current
density and the potential of electrodeposition. It is shown in our
experiments (Fig. 2) that the potential did not increase much
because the electrode surface was practically uncovered, since
very few particles remained on the surface. All this is a clear
indication that the deposited area was not large increased and
the real current density was a little less than that applied.
Characterization of PVP–Pd nanoparticles

Due to the Pd(II) ions reduction rate in the electrochemical
synthesis was proportional to the current density, the particle
dimensions were strongly inuenced by this parameter. In
order to analyze the differences, PVP–PdNPs were obtained at
various current densities. Fig. 3 displays typical low-magni-
cation TEM images of the PdNPs obtained by galvanostatic
pulses at �100, �150, �250 and �350 mA cm�2 during 600 s,
using a vitreous carbon electrode in 0.1 M KNO3 + 0.5 mM
H2PdCl4 + 16 g L�1 PVP10 solution.

PdNPs had tridimensional characteristics with hemi-
spherical morphology, the average size varied between (34 � 13)
and (8� 3) nmwhen the current density wasmore negative from
�100 mA cm�2 and �350 mA cm�2, respectively (Fig. 3). When
the applied current density was �100 or �150 mA cm�2 (Fig. 3a
and b), PdNPs with irregular rounded form and high dispersion
in size were obtained. In addition, some Pd protrusions were
covering the particle surface. They appeared to be decorated by
tiny Pd particles on the surface. However, in Fig. 3c and d the
ne surface structure on the particles disappeared and smaller
particles with a very smooth surface (i.e. at�350 mA cm�2) were
formed, as the cathodic current density was more negative.
Insets in Fig. 3 show the size distribution diagrams for the
respective particles. It is obvious that the average size gradually
decreased when the galvanostatic pulse was more negative. The
narrowest interval of dispersion in sizes was obtained at �350
mA cm�2 with an average diameter of particles of (8 � 3) nm.
Fig. 3e shows a linear dependence between the particle size and
the current density.21 This dependence is simply explained
taking into account the particles formation mechanism, where
dimensions of particles were the result of the competence
between the nucleation and growth rates. In the present case,
reduction of Pd(II) ions occurred very fast because the high
current densities applied, and nucleation was predominating
over the nanoparticles growth.

Thinking that optimized dimensions of PdNPs could be
improved by modifying the stabilizer concentration, experi-
ments to the same current density at two different PVP
concentrations were performed. Fig. 4 shows the comparative
results obtained aer applying �350 mA cm�2 during 600 s to
This journal is © The Royal Society of Chemistry 2014



Fig. 3 TEM images and size distribution diagrams of PdNPs obtained by galvanostatic pulses at �100 mA cm�2 (a), �150 mA cm�2 (b),�250 mA
cm�2 (c) and �350 mA cm�2 (d), applied during 600 s at 25 �C using a vitreous carbon electrode in a stirred electrolyte (1000 rpm). Electrolyte:
0.1 M KNO3 + 0.5 mM H2PdCl4 + 16 g L�1 PVP10. (e) Dependence of the average particle size with the current density applied (red line
corresponds to the linear fitting). (f) Palladium content determined by atomic absorption of the colloidal dispersion.
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the vitreous carbon electrode in solutions containing (a) 16 and
(b) 28 g L�1 PVP.53 Distribution of particles size as well as the
potential–time response for different PVP concentrations were
not greatly modied (see Fig. 2–4).

Particles with similar size and morphology were obtained
even when the amount of stabilizer molecules was highly
increased. Possibly under these experimental conditions, the
particles were so small that they were immediately capped with
PVP molecules. Moreover, the ne structure of tiny particles
decorating the Pd backbone could be consequence of the
reducing action from hydrogen simultaneously generated in
large quantities, which was accompanied by a noticeable change
in local pH.54 When the PVP concentration decreased the PdNPs
were quite unstable.9 More research is needed to understand the
mechanism of decorated Pd particles formation, for example
considering kinetics of PVP adsorption, diffusion rate of parti-
cles and temperature.
This journal is © The Royal Society of Chemistry 2014
Generally, in the procedures for preparation of palladium
nanoclusters it is assumed that all Pd(II) ions present in the orig-
inal electrolyte bulk have been fully transformed to PdNPs.
However, at the nal moment of the synthesis, a black deposit was
observed on the working electrode surface, presumably from the
formation of a layer of palladium deposited.19 In order to approx-
imate the results to a more real value, analytical determinations of
the palladium content in the colloidal solution by atomic
absorption measurements were carried out. The results included
in Fig. 3f show that the recovery of total Pd was close to 60% of
yield for �100, �150 and �250 mA cm�2 current densities.
Catalytic performance of PVP–PdNPs on the Suzuki coupling
reaction

To develop useful catalysts for C–C coupling reactions, the PVP–
PdNPs nanocatalysts were further investigated as potential
RSC Adv., 2014, 4, 12330–12341 | 12335



Fig. 4 TEM images and size distribution diagrams of PdNPs obtained
by a galvanostatic pulse at �350 mA cm�2 applied during 600 s at
25 �C using a vitreous carbon electrode in a stirred electrolyte
(1000 rpm). Electrolyte: 0.1 M KNO3 + 0.5mMH2PdCl4 + (a) 16 g L�1 or
(b) 28 g L�1 PVP.
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catalysts for both the Suzuki and the Heck coupling reactions.
In the last decades, the use of nanocatalysts in these reactions
brought new insights in their scope.3,4 Moreover, the use of
metal NPs allowed the development of sustainable methodol-
ogies that admit the use of more environmental friendly reac-
tion medium such as the use of water, due to the preparation of
stable NPs in this medium.55,56 In such way, it was of interest to
evaluate the catalytic activity of the as-electrochemically
prepared PVP–PdNPs in the Suzuki and Heck coupling reactions
in aqueous medium.

As it was well established that the size and shape of the
nanocatalyst had an important effect on catalytic performance,
and in order to explore the application of all the PVP–PdNPs
electrochemically synthesized, we evaluated the catalytic activity
Table 1 Suzuki coupling reaction of iodobenzene (1a) with phenylboron

Entry Pd source Time

1 PdNPs34 nm 24
2 PdNPs26 nm 24
3 PdNPs17 nm 24
4 PdNPs8 nm 2
5d PdNPs8 nm 2

a Reaction conditions: 0.5 mmol of PhI, 0.75mmol of PhB(OH)2, 1.5mmol
atmosphere. b GC yields. The yields reported represent at least the average
mol of Pd per hour). d The PdNPs were prepared in the presence of 28 g L

12336 | RSC Adv., 2014, 4, 12330–12341
of them in the Suzuki reaction of iodobenzene (1a) with phe-
nylboronic acid (2a). All these reactions were carried out with
the aqueous dispersions of PdNPs directly obtained from the
electrochemical synthesis, without further purication. Based
on our previous results,21 H2O–EtOH (3 : 1) was chosen as the
solvent and K3PO4 as the base. The reactions were performed
with very low loading of PdNPs (0.0008 mol% of Pd) at 90 �C
under nitrogen atmosphere. In this aqueous medium all
reagents were soluble when the mixture warmed up to 60 �C.
The results are shown on Table 1.

All the PVP–PdNPs proved to be very active as catalysts in the
coupling reaction between 1a and boronic acid 2a. As general
trend, the catalytic activities of the electrochemically prepared
PVP–PdNPs have shown an enhanced activity as the size of the
NPs was lowering, which is in agreement with a leaching
mechanism.23,57 With the PdNPs34 nm aer 24 hours of reaction
65% of yield of product 3a was obtained (entry 1, Table 1). In the
case of the PdNPs26 nm, the biphenyl product was formed in
83% of yield (entry 2, Table 1). Completed conversion was
achieved only aer 24 hours when the PdNPs17 nm were used as
catalysts (entry 3, Table 1). The PdNPs8 nm were by far much
more active than the others PVP–Pd catalysts, accomplished
completed conversion only aer 2 hours in the same reactions
conditions (entry 4, Table 1). The PdNPs8 nm showed an
impressive catalytic efficiency (TOF 61 875 h�1) and high
stability (TON 123 750). Even more, this TOF value of 61 875 is
between 10 and 20 times superior to the others PVP–Pd
catalysts.

In addition, the effect of the stabilizer concentration was
evaluated employing the PVP–PdNPs prepared with 28 g L�1

PVP. In this case, the biphenyl 3a was obtained in 69% of yield,
remaining nearly a 35% of substrate aer 2 hours of reaction
(entry 5, Table 1). These NPs had approximately the same size
and were morphologically similar to those obtained in the
presence of 16 g L�1 PVP. Thus, the decrease of the reactivity can
be assigned to the higher amount of stabilizer present in these
particles that hindered the interaction between the Pd and the
organic reagents.
ic acid (2a) catalyzed by PVP–PdNPs of different sizesa

(h) Yieldb (%) TOFc

65 2850
83 3640
95 4167
94 61 875
69 36 313

of K3PO4, 4 mL of themixedH2O–EtOH 3 : 1, at 90 �C and under nitrogen
of two reactions. c TOF (turnover frequency, mol substrate converted per
�1 of PVP.
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The PVP–PdNPs electrochemically obtained using Pt elec-
trode, recently reported by our group,21 exhibited an
outstanding catalytic activity for the Suzuki coupling in aqueous
solvent with high TON (TON up to 104 to 105), although with
not-so-high TOFs (higher TOF 20 625 h�1). In order to compare
the catalytic efficiencies of both types of PdNPs (Pt vs. vitreous
carbon electrodes synthesized NPs), the Suzuki coupling reac-
tion of iodobenzene (1a) with phenylboronic acid (2a) under the
optimized reaction conditions with the complete family of NPs
was carried out. The resulting catalytic activity was expressed as
the TOFs as a function of NPs size and the obtained yield rep-
resented as bars in Fig. 5.

The graphic clearly pointed out the higher catalytic activity of
the newly synthesized PVP–PdNPs vs. the previous ones. In
catalysis, preferably monodisperse NPs dispersions are used
and the size and morphology of them can drastically modify the
efficiency on the catalytic activity. Herein, it was established
that the high surface roughness of PdNPs, electrochemically
obtained with vitreous carbon electrode, even if they present
different activities, proved to have higher activity as catalysts in
Suzuki coupling reactions. Furthermore, the PdNPs8 nm

demonstrated an outstanding enhanced activity, although the
reaction was achieved with “homeopathic” quantities of NPs.22

Likewise, the obtained TOF value is considerably high for an
aqueous Suzuki coupling reaction catalyzed by PdNPs and
allows us to conclude that PdNPs8 nm were the best catalysts
prepared.23,58

Once the catalytic activity of the PVP-stabilized PdNPs for the
Suzuki coupling reaction was established, the scope of this
reaction was investigated. For this reason, we screened several
aryl halides with the most activity catalysts, the PdNPs8 nm, in
the previously optimized conditions using aqueous solvent and
K3PO4 as base, as shown on Table 2. Electron-rich iodides and
electron-decient ones afforded the corresponding biphenyls
with very good yields. When the reaction of p-iodoanisol (1b)
with phenylboronic acid (2a) was carried out in the presence of
PVP–PdNPs (0.0008 mol% of Pd) 4-methoxybiphenyl (3b) was
achieved in 92% yield (entry 2, Table 2). With this substrate,
which contains a deactivate group, 24 hours were required for
total conversion. In addition, when the reaction with anisole 1b
was performed with 0.003 mol% of Pd the total conversion was
Fig. 5 Comparison of the catalytic activity between PdNPs prepared
with Pt electrode (blue)21 and vitreous carbon electrode (red) as a
function of NPs size for the Suzuki coupling reaction of iodobenzene
(1a) with phenylboronic acid (2a) under the reaction conditions
described on Table 1.

This journal is © The Royal Society of Chemistry 2014
achieved in 6 hours (entry 3, Table 2). An excellent yield of
biphenyl product 3c (90%) was achieved in the coupling of
phenylboronic acid with p-iodoacetophenone (1c), with very
high TON in 4 hours (entry 4, Table 2). It is noticeable that the
catalyst loading could be reduced to 0.0005 mol%, allowing the
formation of 90% of the biphenyl 3c with a TON of 198 000
(entry 5, Table 2). Moreover, in the coupling reaction with p-
iodobenzonitrile (1d), usually proven to be a challenging
substrate, the biaryl 3d was achieved in 73% of yield (entry 6,
Table 2). It is well known that with substrates containing nitrile
group, the hydrolysis of the nitrile group could take place
during the coupling reaction, producing the corresponding
amide as byproduct.59 However, the Suzuki reaction to obtain
the desired biaryl product 3d with the PdNPs8 nm in aqueous
medium was successfully carried out. The only side product
observed in a signicant amount was the one arriving from the
dehalogenation of the substrates (15% of p-benzonitrile). The
dehalogenation of aryl halides as a side reaction in Suzuki
coupling has been reported.60,61 In these cases, the hydrogen
rises from a primary or secondary alcohol used as solvent. As a
nal point, it is important to point out that the side product
coming from the homocoupling reaction was not observed in
any case.

In order to further explore the scope of the PdNPs as catalyst,
the coupling reaction of substituted aryl bromides 1e–f with
phenylboronic acid was carried out. When bromobenzene was
employed, a higher loading of catalyst was necessary to reach
an appreciable conversion. In such way, when the reaction was
performed with 0.003 mol% of Pd 78% of yield of biphenyl 3a
was obtained (entry 7, Table 2). Total conversion was achieved
when we used a higher catalyst loading and the desired biaryl
product 3a was obtained in higher yields (entry 8, Table 2).
Otherwise, changing the palladium load to 0.006 mol% the
reaction of 4-bromoacetophenone (1f) and phenylboronic acid
afforded the biphenyl product 3c in 90% yields with a TOF value
of 1375 h�1 (entry 9, Table 2), corresponding to one of the
highest reached for this substrate.58 Additionally, when the
coupling reaction of bromoacetophenone 1f was carried out
with 0.01 mol% of Pd a white solid precipitate appears in the
reaction mixture only aer 5 minutes. This white solid corre-
sponded to the biphenyl product 3c. Thus, only aer 5 minutes
product 3c was formed in 97% of yield, and a very high TOF
value of 123 750 h�1 was accomplished, being higher than
other informed in literature (entry 10, Table 2).62,63 The ability of
this catalyst to activate C–Cl bond was also evaluated in the
reaction with p-chlorobenzotriuoride. Unfortunately, no
reaction was observed, and the chloroarene was completely
recovered.

Finally, and as a proof of concept, the reusability of the
PdNPs8 nm catalyst was evaluated in the Suzuki coupling reac-
tion of p-iodoacetophenone (1c) and phenyl boronic acid (2a).
The PVP–PdNPs aqueous dispersion proved to be highly stable,
and the PdNPs cannot be separated by a physical technique, as a
centrifugation. Due to this, in order to evaluate the reuse of this
catalyst, aer 4 hours when the reaction was completed,
another batch of reagents and base was added to the reaction
tube. Aer that, a GC analysis was performed and product 3c
RSC Adv., 2014, 4, 12330–12341 | 12337



Table 2 The Suzuki coupling reaction of aryl halides with phenylboronic acid (2a) catalyzed by PVP–PdNPsa

Entry Aryl halides PdNPs (mol%) Time (h) Product yieldb (%) Conversionc (%) TON,d TOFd (h�1)

1 0.0008 2 94 (3a) 99 123 750, 61 875

2 0.0008 24 92 (3b) 99 123 750, 5156
3 0.003 6 87 (3b) 98 32 667, 5444

4 0.0008 4 90 (3c) 99 123 750, 30 938
5 0.0005 24 90 (3c) 99 198 000, 8250

6 0.0008 24 73 (3d) 99 123 750, 5156

7 0.003 24 78 (3a) 80 26 667, 1111
8 0.03 24 86 (3a) 99 3300, 138

9 0.006 12 90 (3c) 99 16 500, 1375
10 0.01 0.08 97 (3c) 99 9900, 123 750

a Reaction conditions: 0.5 mmol of ArX, 0.75mmol of PhB(OH)2, 1.5mmol of K3PO4, 4 mL of themixedH2O–EtOH 3 : 1, at 90 �C and under nitrogen
atmosphere. b GC yields. The yields reported represent at least the average of two reactions. c Determine in relationship to the amount of initial
substrate. d TON (turnover number, mol substrate converted per mol of Pd). TOF (turnover frequency, mol substrate converted per mol of Pd
per hour).

RSC Advances Paper
was quantied in 89% of yield. It clearly indicates that the
catalyst did not lose activity since in the rst cycle the product
3c was obtained in 90% of yield.

In summary, all the PdNPs proved to be highly active catalyst
for Suzuki coupling. Moreover, it was observed an important
enhanced activity of the smaller PdNPs8 nm catalyst, providing
remarkable high turnover numbers (TON up to 104 to 105) and
turnover frequency numbers (TOF also up to 104 to 105). It
should be mentioned that no precipitate was observed when
the aqueous NPs were stored in air for months. Additionally,
the stabilizer concentration was also evaluated, and even so in
the preparation of the PdNPs no appreciable differences were
distinguished. However, in the catalytic process a large negative
effect was observed when the stabilizer concentration was
increased, possibly due to the capping effect on the particles
surface.
12338 | RSC Adv., 2014, 4, 12330–12341
Catalytic performance of PVP–PdNPs on the Heck coupling
reaction

Several PVP-stabilized PdNPs have proven their effectiveness to
catalyze C–C coupling reactions.3,4 Themajority of the reports of
the literature, however, consist in their application in the
Suzuki reactions. Little attention has been given to their
application in Heck couplings.64–66 In view of the success of our
PVP-stabilized PdNPs on the Suzuki coupling reaction, and with
the aim to improve catalyst applications of them, the perfor-
mance of the NPs was briey examined in Heck reaction.
Results are summarized on Table 3.

The p-iodoacetophenone (1c) and styrene were chosen as
coupling reagents. At rst, the reaction was carried out under
the same conditions for the Suzuki reaction, using K3PO4 as
base and H2O–EtOH (3 : 1) as the solvent at 90 �C. Under this
condition and in the presence of 0.006 mol% of Pd, only 55% of
This journal is © The Royal Society of Chemistry 2014



Table 3 The Heck coupling reaction of aryl halides with styrene catalyzed by PVP–PdNPsa

Entry Aryl halides Base PdNPs (mol%) Time (h) Yield of 4b (%) Conversionc (%) TON,d TOFd (h�1)

1 K3PO4 0.006 24 55 57 9500, 396
2 Na2CO3 0.006 24 58 72 1200, 500
3 K2CO3 0.006 24 62 70 11 667, 486
4 K2CO3 0.08 24 60 80 1000, 42
5 K2CO3 0.2 24 95 99 495, 24
6e,f K2CO3 0.2 0.33 85 99 495, 1500
7e K2CO3 0.2 0.17 97 99 495, 2912

8 K2CO3 0.2 24 39 — —
9e K2CO3 0.2 0.33 84 99 495, 1500
10e K2CO3 0.2 0.17 98 99 495, 2912

a Reaction conditions: 0.5 mmol of ArX, 0.75 mmol of styrene, 1.0 mmol of K2CO3, 4 mL of the mixed H2O–EtOH 3 : 1, at 90 �C and under nitrogen
atmosphere. b GC yields. The yields reported represent at least the average of two reactions. c Relative to the amount of initial substrate. d TON
(turnover number, mol substrate converted per mol of Pd). TOF (turnover frequency, mol substrate converted per mol of Pd per hour).
e Reaction carried out 130 �C MW at xed power of 50 W in a sealed-vessel. f 8% of acetophenone was detected.
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yield the E-stilbene 4 was achieved (entry 1, Table 3). In an
attempt to improve the conversion of substrate 1c, other inor-
ganic bases were explored (entries 1–3, Table 3). The best results
were obtained when K2CO3 was used, thus the K2CO3 was
chosen as base for the Heck reaction with the PdNPs8 nm cata-
lyst. In order to obtain total conversion catalyst load was
increased to 0.08 mol% of Pd, however, despite an increase in
the conversion, no improvement in the yield of product 4 was
observed (entry 4, Table 3). Only when 0.2 mol% of Pd were
added, complete consumption of substrate 1c was accom-
plished and 97% of E-stilbene 4 was exclusively obtained,
showing the high selectivity of the reaction.

In an effort to reduce the reaction time, microwave (MW) irra-
diation was explored as alternative to conventional heating. Direct
and rapid heating by microwave irradiation in many cases enables
reactions tobecarriedout ina fractionof the timegenerally required
using conventional heating, and its application in several cases has
led of reaction rate enhancement, and improvement of yield and
selectivity.67MWirradiation has been used in Pd-catalyzed coupling
reactions,68 and particularly in Heck reactions.69,70 Thus, the MW
assisted coupling reaction of 1c and styrene catalyzed by PdNPs8 nm

was evaluated under different conditions. The best results were
obtained by heating the reactionmixture at 130 �C in a sealed-vessel
at xed power. Aer MW irradiation for 20 minutes completed
conversionof substratewasobserved, andproduct4wasobtained in
85% of yield, and 8% of acetophenone was detected (entry 6, Table
3). However, decreasing the reaction time to 10 minutes resulted in
a remarkable increase of the E-stilbene 4, without the formation of
any other byproduct and with a TOF of 2912 h�1 (entry 7, Table 3).
This journal is © The Royal Society of Chemistry 2014
Furthermore, the Heck reaction with p-bromoacetophenone
(1f) was studied. As expected, this substrate was less reactive
than the corresponding iodo derivative. When the reaction was
performed under conventional heating, aer 24 hours and in
presence of 0.2 mol% of Pd, only 39% yield of product 4 was
obtained (entry 8, Table 3). Likewise that with aryl iodides 1c,
when the reaction was performed under MW irradiation for 20
minutes, styrene 4 was formed in 84% of yield (entry 9, Table 3).
In this case, total conversion of the substrate was accomplished
and 15% of acetophenone was detected. However, when the
reaction was le for only 10 minutes, the E-stilbene 4 was
obtained in 98% of yield (entry 10, Table 3).

In conclusion, it was found that PVP–PdNPs were effective
and usefulness catalysts for Heck reaction with aryl iodides and
aryl bromides under mild conditions in an environmental
friendly solvent system. Good conversions and selectivity of the
coupling products were obtained with conventional heating,
however, it was found that the use of microwave heating in the
Heck reaction allowed to achieve higher conversion, accelerated
the reactions and excellent selectivities were achieved.

Conclusions

A galvanostatic deposition method was employed to produce
PdNPs in aqueous solutions. By application of a current density
pulse to the vitreous carbon electrode under strong stirring of
the electrolyte containing PVP, a very high concentrated
dispersion of PdNPs between 30 and 8 nm were obtained. It was
established that the presence of the soluble polymer PVP avoid
RSC Adv., 2014, 4, 12330–12341 | 12339
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the particle coalescence, resulting in a very stable colloidal
dispersion for a long time. Size and morphology of the
dispersed-PdNPs depend on the value of current density
applied, the efficient stirring of the solution and the appropriate
concentration of the stabilizing agent. The increase of PVP
concentration did not produce noticeable changes on the
average dimensions and the potential-time transient. In addi-
tion, TEM images analysis evidences the presence of a ne
structure (tiny particles) decorating the Pd backbone when they
are obtained at current densities higher than �250 mA cm�2,
which may be consequence of the simultaneous occurrence of
hydrogen evolution reaction on the electrode surface.

Although precise control of the uniform size of the nano-
particles can not be reached with electrochemical synthesis
methods, the obtained PVP–PdNPs dispersions have a very high
catalytic activity in Suzuki and Heck coupling reactions in
aqueous media. This catalyst allowed performing the coupling
reaction in aqueous medium, under no harsh conditions, in
short reaction time, with very low catalyst loading and with very
good yields and selectivity for the coupling products. Even
deactivated aryl bromides can be used, and outstanding very
high TOFs values were obtained. It is important to point out
that the PVP–PdNPs catalyst were employ as-prepared, without
further purication, and they can be stored for several months
since no precipitation was observed. Finally, this catalytic
system could be reused and proved to be an environmental
friendly alternative to conventional Pd catalyst.
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