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Abstract

Carbon-supported PVP–Pd nanoparticles prepared by adsorption of colloidal PVP–Pd nanoparticles onto activated carbon a
catalysts for the Suzuki reaction between phenylboronic acid and iodobenzene to form biphenyl. These carbon-supported na
result in a lower biphenyl yield during the first cycle than the colloidal Pd nanoparticles that we studied previously. The carbon-sup
nanoparticles retain 69% of its activity upon recycling (second cycle), which is almost double the recycling potential observed in co
nanoparticles (37% retention of activity). In addition, the carbon-supported Pd nanoparticles retain 73± 3% of their catalytic activity during
the second through fifth cycles of the Suzuki reaction, while the catalytic activity of the colloidal Pd nanoparticles greatly decreas
that time frame. The carbon support that the palladium nanoparticles are adsorbed onto helps to preserve its catalytic activity for l
periods. The effect of catalysis and recycling on the nanoparticle size is also investigated. The average size of the carbon-supporte
nanoparticles is 1.9 ± 0.1 nm initially, 2.6 ± 0.1 nm after the first cycle, and 3.1 ± 0.1 nm after the second cycle. The continued growth
the supported nanoparticles suggests that the carbon support protects the palladium nanoparticles during the harsh Suzuki r
prevents aggregation and precipitation unlike the colloidal palladium nanoparticles. In addition, a narrow size distribution during th
process (Ostwald ripening) is observed for the carbon-supported nanoparticles. This could be due to the adsorption method fo
carbon-supported Pd nanoparticles because excess unaggregated palladium atoms will not be adsorbed onto the carbon support
 2005 Elsevier Inc. All rights reserved.
Keywords: Palladium nanoparticle; Nanocatalysis; Suzuki reaction; Carbon support; Supported nanoparticle; Catalytic activity; Ostwald ripening
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1. Introduction

The nanocatalysis field has undergone explosive gro
during the past decade, because nanoparticles are attr
catalysts compared to other bulk catalytic materials du
their high surface tension. Nanoparticles in colloidal so
tion, as well as supported nanoparticles, have been us
catalysts, and there have been more than 2800 papers
lished in this vast field. Approximately 15–20% of the wo
in this field is conducted using colloidal metal nanopa
cles as catalysts. Majority of the work has been condu
using supported metal nanoparticles as catalysts for a
* Corresponding author. Fax: +1-404-894-0294.
E-mail address: mostafa.el-sayed@chemistry.gatech.edu
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riety of organic and inorganic reactions. Supported m
nanoparticles have been prepared by adsorption[1–10], by
grafting[11,12], and by lithographic fabrication using ele
tron beam lithography[13–16]. Numerous review article
have described the use of supported nanoparticles as
lysts for a variety of reactions[17–29].

Although the field of nanocatalysis is vast, there have
been many studies on what happens to the nanoparticles
ing the course of the catalytic process. A few studies h
characterized nanoparticles after the catalytic process
colloidal metal nanoparticles[30–34] and supported meta
nanoparticles[35–39]. Also, a few studies have invest
gated the recycling potential of colloidal metal nanopartic

[40–43]and supported metal nanoparticles[44–47]. Overall,
however, there have not been many studies conducted on the
stability of nanoparticles after their catalytic function or on

http://www.elsevier.com/locate/jcat
mailto:mostafa.el-sayed@chemistry.gatech.edu
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their recycling potential in both colloidal metal nanopa
cles and supported metal nanoparticles. Detailed studie
needed to determine the best catalyst to use for a parti
kind of reaction.

We have previously conducted several studies on the
fect of the catalytic process on the shape[49–51,54]and size
[48,52,53]of colloidal metal nanoparticles. We have us
tetrahedral-[49–51], cubic-[49–51], and spherical-[48–50]
shaped platinum nanoparticles to catalyze the electron tr
fer reaction. We have found that catalysis is shape-depen
during the early stages of the reaction, in which no la
shape changes take place[49]. The activation energy of th
catalytic reaction decreases as the fraction of surface
inum atoms present in the corners and edges increases
ing the long reaction time in the full course of the electr
transfer reaction (2 days), we observe changes in the
inum nanoparticle shape and corresponding changes i
activation energy that take place[50]. Dissolution of atoms
from the corners and edges of the tetrahedral and cubic
inum nanoparticles occur, resulting in the formation of d
torted tetrahedral and distorted cubic platinum nanopartic
The rate of shape change was found to occur faster fo
tetrahedral platinum nanoparticles than the cubic platin
nanoparticles[51].

We also conducted studies on the effect of catalyzing
Suzuki reaction on the size of spherical palladium nano
ticles[52,53]. The Suzuki reaction is a more harsh reacti
because it requires that the reaction mixture be reflu
at 100◦C for 12 h. We observed that the spherical PV
palladium nanoparticles grew larger after the first cycle
the Suzuki reaction because of the Ostwald ripening proc
After the second cycle, the palladium nanoparticles w
much smaller in size because of aggregation and pre
itation of the larger nanoparticles formed during the fi
cycle of the reaction[52]. In the case of the dendrime
Pd nanoparticles, it was observed that the growth pro
continues to occur during the second cycle, which co
be because the dendrimer is a strong encapsulating a
and protects the nanoparticle surface well[53]. This makes
the nanoparticles more resistant to aggregation and
cipitation. We also found that the reduction method u
to prepare the nanoparticles also plays an important
in the growth of the palladium nanoparticles during
Suzuki reaction. In addition, colloidal tetrahedral platinu
nanoparticles have also been used as catalysts for the S
cross-coupling reaction[54]. We observed that the tetra
hedral platinum nanoparticles transformed into spheri
shaped platinum nanoparticles after the Suzuki reaction
complete and that these transformed spherical nanopar
grew larger in size upon recycling (after the second cycle

We have shown in previous studies that colloidal me
nanoparticles are unstable and undergo changes in their
phology (size and shape) to survive in the reaction mixt

As a result, there is a need to try to find better types of
nanocatalysts that can withstand the reaction conditions in
which catalytic processes take place. Some possibilities in-
of Catalysis 234 (2005) 348–355 349
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clude the use of better stabilizers to stabilize colloidal m
nanoparticles or the use of supported metal nanoparticle
catalysts. Previously, Li et al.[55] examined the effect of th
capping material in colloidal solution and found that as
capping material stabilizes the nanoparticles, it decrease
catalytic efficiency.

In the present study, we explored the possibility of
ing supported metal nanoparticles as good potential c
lysts by using carbon-supported nanoparticles to catalyz
Suzuki reaction. Carbon is a commonly used substrat
the preparation of supported nanoparticles[56–64]. Suzuki
cross-coupling reactions have traditionally been cataly
with different phosphine-based and phosphine-free pa
dium complexes[65–69]. There have also been many cas
of palladium complexes supported on various substra
such as silica[70,71,73,77], resin [72,78], chitosan[74],
alumina[75], carbon[76], and others, that have also be
used to catalyze this type of reaction. Recently, many
ferent types of colloidal palladium nanoparticles have b
used as catalysts for the Suzuki reaction[52,53,79–87]. It
is noteworthy that there have been very few cases of
ported palladium nanoparticles used as catalysts for thi
action[88,89], and the substrates used in these cases
silica [88], titania[88], and alumina[89]. More importantly,
there have not been any studies on using carbon-supp
palladium nanoparticles as catalysts for the Suzuki cr
coupling reaction.

One aim in this paper is to determine if carbon-suppo
spherical PVP–Pd nanoparticles are more catalytically ac
for the Suzuki reaction than the colloidal spherical PV
capped palladium nanoparticles that we studied previo
[52]. Another goal is to investigate the effect of the c
alytic process on the size of the carbon-supported sphe
palladium nanoparticles and compare the results with th
obtained for the colloidal spherical palladium nanopartic
that we studied previously[52]. We chose the Suzuki rea
tion to test the stability of the carbon-supported spher
nanoparticles because it is a relatively harsh reaction
takes place at 100◦C for 12 h. In addition, it is also ver
important to assess the recycling potential of the carb
supported spherical palladium nanoparticles to provide
ditional information on its usefulness in nanocatalysis.

2. Experimental

2.1. Synthesis of colloidal spherical PVP–Pd nanoparticles

The colloidal spherical PVP–Pd nanoparticles were s
thesized by reduction of the precursor Pd ions with etha
similar to that described previously[52]. The palladium pre-
cursor solution (H2PdCl4) was prepared by adding 0.0887
of PdCl2 and 6 mL of 0.2 mol HCl, and diluting to 250 m

with doubly distilled water. A solution containing 15 mL
of 2 mmol of H2PdCl4, 21 mL of doubly deionized water,
0.0667 g PVP, and 4 drops of 1 mol HCl was heated. When
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the solution began to reflux, 14 mL of ethanol was add
The solution was then refluxed for 3 h, and a dark-bro
colloidal Pd solution was formed. A drop of the solution w
spotted onto Formvar-stabilized copper transmission e
tron microscopy (TEM) grids, and a JEOL 100C TEM w
used to characterize the size of the nanoparticles.

2.2. Synthesis of carbon-supported spherical PVP–Pd
nanoparticles

The carbon-supported spherical PVP–Pd nanopart
were prepared using the adsorption method. First, 25 m
the nanoparticle solution was diluted to 50 mL by add
25 mL of doubly distilled water. Next, 50 mL of the dilute
palladium nanoparticles was mixed with 1.0 g of activa
carbon. The solution was then stirred vigorously at ro
temperature for 24 h. After this, the solution was centrifug
at 19,000 rpm for 30 min at 25◦C to separate the liquid from
the carbon support containing the adsorbed Pd nanopart
The centrifugation process was continued for two more
cles to ensure that only the adsorbed nanoparticles rema
in the carbon support. The carbon support containing the
sorbed Pd nanoparticles was poured onto a piece of
paper and allowed to dry overnight. The resulting powde
the spherical PVP–Pd nanoparticles adsorbed onto the
vated carbon support. The palladium loading in terms of t
weight of the supported catalyst was 4.2%. To observe
nanoparticles by high-resolution TEM (HRTEM), we plac
a small amount of the powder in ethanol and sonicated i
1 h before spotting the solution onto a Formvar-stabili
copper TEM grid. The carbon-supported palladium nano
ticles were imaged using JEM 4000EX HRTEM beca
HRTEM allows much clearer visualization of the suppor
nanoparticles than that obtained by conventional TEM.

2.3. Catalyzing Suzuki reaction

The carbon-supported spherical PVP–Pd nanopart
were used to catalyze the Suzuki reaction between phe
boronic acid and iodobenzene to form biphenyl. In this
action, 0.49 g sodium acetate, 0.37 g phenylboronic a
and 0.20 g iodobenzene were added to 150 mL of the
acetonitrile:water solvent. The reaction mixture was hea
to 100◦C. Once the mixture refluxed, 0.05 g of the carbo
supported spherical PVP–Pd nanoparticles was added t
reaction mixture. The reaction mixture was refluxed for a
tal of 12 h. The same reaction mixture solution was u
for recycling after the addition of fresh amounts of the
actants. For recycling, an assumption was made that a
the iodobenzene was used up because it is the limiting r
tant. Initially, there were 1 mmol iodobenzene and 3 mm
of phenylboronic acid present in the reaction mixture. A
the first cycle, we assumed that no iodobenzene and 2 m

phenylboronic acid remained. As a result, 1 mmol iodoben-
zene and 1 mmol phenylboronic acid were added to start the
second cycle of the Suzuki reaction. The reaction mixture
of Catalysis 234 (2005) 348–355
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was then refluxed for another 12 h to complete the sec
cycle. A similar procedure was followed for the third, four
and fifth cycles of the Suzuki reaction. A control experim
was also conducted in which the Suzuki reaction mixt
was refluxed for 12 h without the presence of any cata
In addition, another control experiment was conducted
which the Suzuki reaction mixture was refluxed for 12 h
the presence of just the activated carbon support withou
nanoparticles.

2.4. High-performance liquid chromatography studies on
catalytic activity of the carbon-supported spherical Pd
nanoparticles

High-performance liquid chromatography (HPLC) me
surements were obtained using a Hitachi-4500 HPLC
equipped with a L4500A diode array detector in which
sorbance is monitored at 254 nm. The separation was ca
out on a reverse-phase packed column (Rainin Micros
MV C18, 300 A, dim 4.6 × 250 mm) using a 60:40
acetonitrile–water mixture and a flow rate of 1 mL/min.
The area of the chromatographic peaks was calculated
a D-6000 interface-integrator. A calibration curve for d
termining the concentration of biphenyl was constructed
plotting the peak area versus concentration of biphenyl s
dards. The standards prepared were 0.0005, 0.001, 0.
0.002, 0.0025, and 0.003 mol biphenyl. For HPLC m
surements, all samples were diluted to 1/4 of the original
concentration so that the peak areas lie within the ra
of the calibration curve. The actual concentration was
termined by taking the concentration of the diluted sam
and multiplying by 4. The concentration of biphenyl w
determined before the reaction and after the first, sec
third, fourth, and fifth cycles of the Suzuki reaction. In a
dition, the biphenyl concentration was also determined a
three control experiments: Suzuki reaction with no catal
Suzuki reaction in the presence of the activated carbon
port without the nanoparticles, and biphenyl by itself ver
biphenyl in the presence of activated carbon.

2.5. HRTEM studies on the size distribution of the
carbon-supported spherical palladium nanoparticles before
and after catalysis and recycling

The reaction mixture solutions containing the carb
supported spherical PVP–Pd nanoparticles were sonic
for 1 h before spotting them onto TEM grids. A drop
the solution is placed onto a Formvar-stabilized copper g
and the drop is allowed to evaporate in air. The spotted s
ples take approximately 30 min to dry. Because the s
deposition conditions are used for all samples, the e
oration rate of the solvent is fairly reproducible from o
sample to another. For each of the experiments, the inte

reproducibility of the observed size distribution was veri-
fied by spotting the sample onto three separate TEM grids.
HRTEM images were also obtained from different sections
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of the TEM grids to verify the reproducibility of the siz
distribution. The general reproducibility of the size dist
bution was verified by conducting each of the experime
three times. The nanoparticle size distribution was de
mined by counting approximately 1800 nanoparticles fr
nine enlarged HRTEM images (approximately 200 nano
ticles from each HRTEM image). Gaussian fits of the s
distributions determined from the Origin 5.0 software w
used to determine the average size and the width of the
distribution.

3. Results and discussion

3.1. Catalytic activity of the carbon-supported spherical
palladium nanoparticles

The catalytic activity of the carbon-supported spher
palladium nanoparticles were compared with that of the
loidal spherical palladium nanoparticles that we studied
viously [52]. It is noteworthy that the palladium loading
terms of the total weight of the supported catalyst was 4
in the case of the carbon-supported palladium nanoparti
In addition, control experiments in which the Suzuki re
tion was conducted without the presence of any catalyst
in which the Suzuki reaction was conducted in the pr
ence of the activated carbon support without the nano
ticles were also conducted. In both cases, we found tha
biphenyl product was detected from the HPLC studies. T
it is safe to conclude that the Suzuki reaction does not
ceed without a catalyst, and that the presence of activ
carbon alone does not catalyze the Suzuki reaction.

Table 1summarizes the HPLC results on the biphe
yields obtained during the first and second cycles of
Suzuki reaction for both the carbon-supported spherical
ladium nanoparticles and the colloidal spherical pallad
nanoparticles that we studied previously[52]. The HPLC

Table 1
Biphenyl yield obtained with the carbon-supported spherical PVP
nanoparticles vs. colloidal spherical PVP–Pd nanoparticles studied p
ously[52]. In the case of carbon-supported spherical PVP–Pd nanopart
the raw biphenyl concentrations as well as the concentration correcte
biphenyl adsorbed onto the carbon support is reported

Condition Carbon supported
spherical PVP–Pd
nanoparticles

Colloidal
spherical PVP–Pd
nanoparticles[52]

First cycle
of Suzuki reaction

1.54± 0.07 mM 3.00± 0.32 mM
20± 1% 39± 4%
Corrected for adsorption
1.76± 0.07 mM
23± 1%

Second cycle
of Suzuki reaction

1.07± 0.20 mM 1.11± 0.20 mM
14± 3% 15± 3%
Corrected for adsorption

1.22± 0.20 mM
16± 3%
of Catalysis 234 (2005) 348–355 351

.

results do not show the formation of any other byprodu
for the Suzuki reaction between phenylboronic acid
iodobenzene, which is consistent with the previously
served results[80–82].

It can be seen that the carbon-supported spherical
ladium nanoparticles do catalyze the Suzuki cross-coup
reaction, but results in a lower amount of biphenyl form
after the first cycle compared with the amount produced w
the colloidal palladium nanoparticles that we studied pre
ously [52]. This could be a result of adsorption of some
the biphenyl on the activated carbon or that the catalytic
ficiency of the nanoparticles is not as good on carbon a
is in colloidal solution. To test for the possible adsorpt
of biphenyl on the activated carbon, a control experim
was conducted to determine the concentration of biph
present in 150 mL acetonitrile:water by itself and also a
refluxing the biphenyl in the presence of 0.05 g of a
vated carbon. We observed that the biphenyl concentra
is 12.5 ± 1.4% lower after refluxing in the presence of a
tivated carbon compared with the initial biphenyl conc
tration. This suggests that the activated carbon adsor
small quantity of biphenyl and, as a result, the actual quan
of biphenyl produced during the reaction is slightly high
The biphenyl concentration after the first and second c
was then corrected by multiplying by 114% to reflect
actual concentration of biphenyl present; these results
also given inTable 1. A possible reason why the catalyt
efficiency of carbon-supported nanoparticles is lower t
that of the colloidal nanoparticles could be better capping
large quantities of the carbon support (1 g). Thus it is p
sible that a much lower fraction of sites is available for
catalytic process, because many free sites are used in th
sorption process. It can be seen that even after correctin
the biphenyl adsorbed onto the carbon support, the biph
concentration is still lower than that observed previously
the colloidal palladium nanoparticles. This suggests tha
lower catalytic efficiency of carbon-supported nanopartic
compared with colloidal nanoparticles is the dominant ca
of the lower biphenyl yield observed after the first cycle.

It is interesting to note that during the second cy
of the reaction, the carbon-supported spherical pallad
nanoparticles do produce a high quantity of biphenyl
ative to the amount produced during the first cycle. T
colloidal spherical PVP–Pd nanoparticles that we stud
previously[52] did not have good recycling potential. To s
whether the carbon-supported palladium nanoparticles
tinue to maintain their recycling potential, we determin
the biphenyl yield after the third, fourth, and fifth cycles
the Suzuki reaction for both kinds of palladium nanopa
cles; these findings are summarized inTable 2. In the case of
the carbon-supported palladium nanoparticles, the biph
concentration observed was corrected for the possible
sorption of biphenyl onto the carbon support. It can be s

that the carbon-supported palladium nanoparticles maintain
their catalytic activity during the second, third, fourth, and
fifth cycles of the Suzuki reaction, whereas the catalytic ac-
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Table 2
Biphenyl yield obtained with the carbon-supported spherical PVP
nanoparticles as well as the colloidal spherical PVP–Pd nanoparticle
five cycles of the Suzuki reaction. In the case of the carbon-suppo
nanoparticles, the biphenyl yields are corrected for possible adsorption
the support

Condition Carbon supported
spherical PVP–Pd NPs
biphenyl yield (mM)

Colloidal spherical
PVP–Pd NPs
biphenyl yield (mM)

First cycle 1.76± 0.07 3.00± 0.32
Second cycle 1.22± 0.20 1.11± 0.20
Third cycle 1.31± 0.12 0.83± 0.13
Fourth cycle 1.36± 0.14 0.64± 0.09
Fifth cycle 1.25± 0.09 0.49± 0.07

Table 3
Ratio of biphenyl yields (yield in 2nd cycle/yield in 1st cycle) for the ca
of the carbon supported spherical PVP–Pd nanoparticles and the col
spherical PVP–Pd nanoparticles studied previously[52]. In the case of the
carbon-supported nanoparticles, the corrected biphenyl concentration
used for the calculation

Type
of biphenyl
yield ratio

Carbon-supported
spherical PVP–Pd
nanoparticles

Colloidal spherical
PVP–Pd
nanoparticles

2nd cycle/1st cycle 0.69 0.37
3rd cycle/1st cycle 0.74 0.28
4th cycle/1st cycle 0.77 0.21
5th cycle/1st cycle 0.71 0.16

tivity of the colloidal palladium nanoparticles decreases
nificantly during the second, third, fourth, and fifth cycle
These results suggest that the carbon-supported palla
nanoparticles maintain their recycling potential during fi
cycles of the Suzuki reaction, whereas the colloidal pa
dium nanoparticles continue to show poor recycling pot
tial.

Table 3 summarizes the biphenyl yield ratios obtain
for both types of palladium nanoparticles. The biphe
yield ratio was calculated by dividing the biphenyl yie
obtained during the second, third, fourth, or fifth cycle
that formed during the first cycle. In the case of the carb
supported palladium nanoparticles, the biphenyl concen
tion corrected for the adsorption of biphenyl on the carb
was used to conduct the calculation of the biphenyl y
ratio. It can be seen that the biphenyl yield ratio (sec
cycle/first cycle) for the carbon-supported spherical pa
dium nanoparticles is quite high at 0.69. because of the
atively high recycling potential of these nanoparticles.
the colloidal spherical PVP–Pd nanoparticles that we stu
previously[52], the biphenyl yield ratio of 0.37 was rela
tively low, suggesting that the colloidal palladium nanop
ticles have a low recycling potential. The carbon-suppo
spherical PVP–Pd nanoparticles have almost twice the r
cling potential than the colloidal spherical PVP–Pd nanop
ticles [52]. In addition, the carbon-supported Pd nanop

ticles maintain 73± 3% of their catalytic activity during
the second through fifth cycles of the Suzuki reaction. The
high recycling potential of the carbon-supported spherical
of Catalysis 234 (2005) 348–355

l

e

PVP–Pd nanoparticles is probably due to the presenc
a large amount of the carbon support around the pallad
nanoparticles, which stabilizes the palladium nanopartic
It is worth noting that the biphenyl product formation
73±3%, not close to 100%, which may be due to the sligh
lower catalytic activity of the larger capped and stabiliz
palladium nanoparticles formed and also to some pois
ing effect associated with the biphenyl product itself. T
carbon-supported palladium nanoparticles are not as ca
ically active as the colloidal nanoparticles, but their act
sites are more stable. This is a result of a good stabili
effect of the carbon around the nanoparticles.

3.2. Effect of catalyzing the Suzuki reaction on the size of
carbon-supported spherical palladium nanoparticles

We investigated the effect of catalyzing the Suzuki
action on the size of carbon-supported spherical pallad
nanoparticles and compared it with that for colloidal sph
cal palladium nanoparticles.Fig. 1 shows HRTEM images
and Gaussian fits of the size distributions of the carb
supported spherical palladium nanoparticles before and
ter the first and second cycles of the Suzuki reaction.Ta-
ble 4summarizes the results on the center and width of
size distribution of the carbon-supported spherical pallad
nanoparticles and the colloidal spherical palladium nano
ticles studied previously[52] before and after the first an
second cycles.

It can be seen that the carbon-supported spherical p
dium nanoparticles are monodisperse, with an average
of 1.9 ± 0.1 nm. They are similar in size to that of th
colloidal spherical palladium nanoparticles that we stud
previously (2.1 ± 0.1 nm) [52]. After the first cycle of the
Suzuki reaction, it is observed that the nanoparticles g
in size, reaching an average size of 2.6 ± 0.1 nm. After the
second cycle, the carbon-supported nanoparticles con
to grow to an average size of 3.1 ± 0.1 nm. The continued
growth of the carbon-supported palladium nanoparticles
the high catalytic activity observed with these nanopartic
during the second cycle suggest that carbon support e
tively prevents aggregation and precipitation of the nano
ticles, unlike the colloidal spherical palladium nanopartic
in which the larger nanoparticles formed aggregated and
cipitated out of solution, leaving the smaller nanoparticle
solution[52].

It is also noteworthy that the width of the size distrib
tion of the carbon-supported palladium nanoparticles is
as broad as that of the colloidal spherical palladium nano
ticles. This may result from the repetitive centrifugation a
decanting techniques used to prepare the nanoparticles
carbon samples. Preparation of the carbon-supported
ladium nanoparticles also results in very little, if any, fr
palladium atoms in the sample. This is because the

trifugation process would have effectively removed these
atoms as well as unaggregated palladium atoms and colloidal
palladium nanoparticles not adsorbed onto the support. In



R. Narayanan, M.A. El-Sayed / Journal of Catalysis 234 (2005) 348–355 353
e ca tions
ycle o

ticles
ach-
and
es of
uld
red
les

rted
Fig. 1. HRTEM images and Gaussian fits of the size distributions of th
after the first cycle of the Suzuki reaction (c, d), and after the second c

Table 4
Size distributions of the carbon-supported spherical PVP–Pd nanopar
and the colloidal spherical PVP–Pd nanoparticles studied previously[52]
before the reaction, after the first cycle, and after the second cycle

Condition Carbon-supported
spherical PVP–Pd NPs

Colloidal spherical
PVP–Pd NPs[52]

Before Suzuki
reaction

CD = 1.9± 0.1 nm CD = 2.1± 0.1 nm
WD = 0.9± 0.1 nm WD = 1.1±0.2 nm

After first cycle
of Suzuki reaction

CD = 2.6± 0.1 nm CD = 2.9± 0.3 nm
WD = 1.1± 0.1 nm WD = 2.8±0.4 nm

After second cycle
of Suzuki reaction

CD = 3.1± 0.1 nm CD = 2.2± 0.2 nm
WD = 1.3± 0.1 nm WD = 0.9±0.2 nm
addition, ethanol is also removed during the centrifugation
process, and as a result, no further reduction of any remain-
ing palladium ions can occur. Thus the growth of nanoparti-
rbon-supported spherical palladium nanoparticles before any perturba(a, b),
f the Suzuki reaction (e, f ).

cles during the reaction must then occur through the det
ment of atoms from the smaller palladium nanoparticles
reattachment of these atoms to the more stable surfac
the larger palladium nanoparticles. This mechanism wo
explain why the size distribution is not very broad compa
with that of the colloidal spherical palladium nanopartic
that we studied previously[52].

4. Conclusions

We have observed that although the carbon-suppo

spherical palladium nanoparticles are less catalytically ac-
tive than the colloidal spherical palladium nanoparticles that
we studied previously[52], they have almost double the
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recycling potential. In addition, the carbon-supported pa
dium nanoparticles maintain 73± 3% of its catalytic activ-
ity during the second through fifth cycles of the reacti
whereas the colloidal palladium nanoparticles have m
lower catalytic activity during the recycling process. This
probably due to the stabilizing effect of carbon as a poss
capping agent. The carbon-supported spherical pallad
nanoparticles grow in size during the first and second cy
of the reaction, and the width of the size distribution is
very broad. The presence of the carbon support make
nanoparticles resistant to aggregation and precipitation
also helps preserve their catalytic activity during the sec
cycle. In addition, the adsorption method of preparing
supported palladium nanoparticles effectively favors the
sorption of larger palladium nanoparticles against the v
small ones, as well as the palladium atoms. As a result
Ostwald ripening growth mechanism occurs only betw
the nanoparticles present on the carbon support. Ove
carbon-supported spherical palladium nanoparticles are
tentially better recyclable catalysts for the Suzuki reac
than colloidal palladium nanoparticles.
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