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a b s t r a c t

A simple method of depositing Pd nanoparticles onto carbon nanotubes (CNTs) as catalyst supports is
devised for C C bond forming reactions. Thiol groups were utilized as linkers to secure the Pd nanoparti-
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cles without agglomeration. The samples were characterized by TEM, XPS and Raman spectroscopy. The
prepared CNT-Pd nanocomposites effectively promoted the formation of C C bonds at a low Pd content
(∼2.0%) and in the absence of any ligand. This result indicates that surface thiolation is an effective way to
obtain highly dispersed metal nanoparticles on the surface of CNTs and markedly improves their catalytic
activity.

© 2010 Elsevier B.V. All rights reserved.
tille and Hiyama coupling reaction

. Introduction

One of the most important issues in current organic syn-
hesis is the development of new efficient carbon–carbon and
arbon–heteroatom bond forming reactions. In this regard, tran-
ition metal-based catalysts have generally been used for these
eactions. Among them, palladium has been recognized as an indis-
ensable catalyst for C C bond forming reactions and there is a
reat deal of literature on its properties in many reactions [1–3].
lthough palladium catalysts demonstrate excellent catalytic per-

ormance in C C bond forming reactions, there are still some
roblems that need to be addressed in terms of their efficiency and
usceptibility. The high activity of these catalysts largely depends
n the use of a high Pd loading (5–10 wt.%) and the use of lig-
nds which increase their cost and risk of the contamination by
he ligands. Also, their deactivation caused by absorbed inter-

ediates limits their stability. Since the catalysis reaction occurs
ntirely on the surface of the Pd particles, a high dispersion is
equired to improve the catalytic activity and reduce the cost of
he catalysts. For this reason, many attempts have been made to
ynthesize new types of Pd supports, such as zeolites or active car-

ons, due to their large surface areas and unique pore structures
4,5].

Recently, carbon nanotubes (CNTs) have received consid-
rable attention as catalyst supports in both heterogeneous
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catalysis and electrocatalysis, due to their high mechanical
strength, large surface area, good electrical conductivity, and
durability under harsh conditions [6]. Some researchers have
reported CNT-supported metal catalysts (e.g., Pt, Pd, Au, Ru and
PtRu) exhibiting good catalytic behaviors under various chemi-
cal reactions, involving methanol electro-oxidation [7], selective
hydrogenation [8], Suzuki coupling [9], CO oxidation [10], and
hydrodehalogenation [11]. The enhanced catalytic performances
are generally attributed to the metal-CNT interaction [12]. This
interaction induces a peculiar microstructure or modification
of the electron density in the metal clusters and enhances
the catalytic activity. The adsorption of organic species is
also favored by van der Waals interactions between the CNTs
and aromatic rings, leading to favorable reactant–product mass
transportation [13].

However, there are difficulties in dispersing metal nanoparti-
cles onto CNTs due to their hydrophobic nature and their tendency
to agglomerate. To overcome these problems, non-covalent and
covalent methods have been developed to activate the surface
of the CNTs, including plasma treatment [14], polymer wrapping
[15], electrochemical treatment, [16] and surface functionaliza-
tion with functional groups such as carboxyl, amine, and sulfone
groups [17–19]. In this work, we report a simple and effec-
tive process to prepare CNT-Pd nanocomposites by depositing
Pd(dba)2 on thiolated multiwall carbon nanotube (MWNT) sur-

faces. A high-yield C C bond forming reaction accomplished at a
low Pd content (∼2.0%) and in the absence of any ligand is observed.
This synthetic approach should be broadly applicable for preparing
CNT-supported metal catalysts and markedly improves the cat-
alytic activity.

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:sunwoo@chonnam.ac.kr
mailto:chc12@chonnam.ac.kr
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Fig. 1. Schematic illustrations of the sy
. Experimental

MWNTs were obtained from Carbon Nano Tech. Co., Ltd. (South
orea). Bis(dibenzylideneacetone)palladium (0), Pd(dba)2, was
repared according to a previously reported method [20]. Sodium

ig. 2. (a) TEM image of pristine CNT at low magnification. (b) TEM image of the CNT-Pd
t high magnification. (d) EDS spectrum of the CNT-Pd nanocomposite.
c route of the CNT-Pd nanocomposites.
hydrogensulfide (NaSH) was purchased from Aldrich. Nitric acid
(HNO3), sulfuric acid (H2SO4) and tetrahydrofuran (THF) were of
analytical grade and were used as received.

The MWNTs were stirred in an acid solution of HNO3 and H2SO4
(1:3 by volume) at 90 ◦C for 3 h. The MWNTs were then filtered,

nanocomposite at low magnification. (c) TEM image of the CNT-Pd nanocomposite
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properties of the surface. For the Pd-CNT, the photoemitted elec-
trons from S atoms are screened by deposited Pd nanoparticles,
which resulted in the featureless S 2p profile. The XPS data also
confirmed the presence of Pd in the nanocomposites. The Pd con-
tent is estimated to be 2.0 at.%. According to ICP experiments, the
0 J.Y. Kim et al. / Journal of Molecular

ashed with distilled water, and dried in an oven at 110 ◦C. The
cid-treated MWNTs were dispersed in THF and then an NaSH
queous solution was added to produce thiol groups on their sur-
aces, and the resulting CNTs are denoted as CNT-SH. The thiolation
as confirmed using the XPS spectrum in the sulfur 2p region.

inally, the thiolated MWNTs were dispersed in THF and then a
d(dba)2/THF solution was added. The mixture was stirred for 20 h
ntil all of the Pd(dba)2 precursors were anchored onto the MWNTs,
nd the resulting CNTs are denoted as CNT-Pd. These samples were
eparated from the mixture by filtration, washed several times with
ure ethanol and DI water, and dried in a vacuum oven at 50 ◦C for
h. To verify the effect of the support, a mixture of Pd(dba)2/CNTs
as also prepared by the following method. 2.0 mg of Pd(dba)2

nd 100 mg of pristine CNTs were added to THF and the reaction
ixture was stirred at room temperature for 3 h. The solvent was

vaporated and the residue was dried in a vacuum for 12 h.
The transmission electron microscopy observations were car-

ied out in a JEM-2200FS microscope at 200 kV. Samples for the
EM analysis were prepared by extensive sonication of the CNTs in
thanol. A drop of the solution was deposited on a gold grid and the
olvent was allowed to evaporate in air. XPS analysis was performed
sing a VG multilab 2000 spectrometer (ThermoVG scientific) in an
ltra high vacuum. This system uses an unmonochromatized Mg
� (1253.6 eV) source and a spherical section analyzer. Survey scan
ata was collected using a pass energy of 50 eV. The content of Pd in
he Pd-CNT nanocomposite was determined by inductively coupled
lasma atomic emission spectroscopy (ICP-AES) with an OPTIMA
300 DV (PerkinElmer). Prior to the measurement, the sample was
reated with a mixture of HNO3, HF and HBO3 in order to dissolve
t completely. Raman spectra were obtained at room temperature
sing an inVia Reflex (Renishaw 1000) micro-Raman spectrometer
ith 632.8 nm laser line.

The catalytic activity of the prepared CNT-Pd for the Stille and
iyama coupling reaction was examined. These reactions were
sed as a standard test reaction to probe the reactivity of Pd-
atalyzed carbon–carbon bond forming reactions. The coupling
eaction was performed in a round-bottom flask fitted with a water-
ooled condenser. 4-Iodotoluene was employed as a standard
ubstrate for the coupling reactions. The reactions were carried out
ith 0.3 mol.% of palladium under the previously reported condi-

ions [21,22].

. Results and discussion

The synthetic procedures of the CNT-Pd nanocomposites routes
re shown in Fig. 1. Thiol (–SH) groups were utilized as linkers
etween the Pd nanoparticles and CNTs. The Pd nanoparticles are
nchored to the surface of the CNTs due to their interaction with
he free electron pairs of the S atoms. The detailed morphology
f the CNT-Pd nanocomposites was examined by TEM. Fig. 2(a)
hows a typical TEM image of a pristine CNT with a diameter in
he range of 10–20 nm. All of the tubes had a clean surface. For the
NT-Pd nanocomposites, the TEM image shows that smaller and
ighly dispersed nanoparticles were much more abundant than

arger aggregated ones [Fig. 2(b)]. The magnified image reveals that
he nanoparticles are strongly adhered on the sidewalls of the CNTs
Fig. 2(c)]. The average particle size is estimated to be ∼6.0 nm. The
DS analysis shows that the species supported on the CNT was Pd
Fig. 2(d)].

Raman spectroscopy was used to obtain information about the

verage crystallinity of the CNT-Pd compared with that of the pris-
ine CNTs. As shown in Fig. 3, the spectrum consists of three bands
t ∼1330 cm−1 (D band), 1570 cm−1 (G band), and ∼1610 cm−1 (D′

and) [23,24]. The D band is a disorder induced feature originat-
ng from the vibrations of C atoms with dangling bonds. The G
Fig. 3. Raman spectra of pristine CNTs and CNT-Pd nanocomposites.

band arises from a tangential shear mode of the C atoms that cor-
responds to the stretching mode in the graphite plane. The D′ band,
which is a shoulder of the G band at a higher frequency, corre-
sponds to second-order Raman scattering from the variation of the
D-band. The intensity ratio of the D band to G band (ID/IG) has a lin-
ear relation with the inverse of the in-plane crystallite dimension.
The value of ID/IG is about 1.38 for the pristine CNTs and about 2.56
for the CNT-Pd. These results suggest that the functionalization of
the CNTs results in a decrease of their crystallinity.

Fig. 4 shows a series of XPS survey spectra from the pris-
tine CNTs, CNT-SH and CNT-Pd. For the pristine CNTs, the XPS
data shows distinct C and O 1s peaks and no other elements are
detected. However, after their thiolation, the presence of S ele-
ment is detected from the CNT-SH. The relative surface atomic ratio
was estimated from the corresponding peak areas, corrected with
the tabulated sensitivity factors. The estimated value of the S con-
tent is about 2.7 at.%. Since the XPS signal is obtained by collection
of photoemitted electrons, this technique is very sensitive to the
Fig. 4. XPS survey spectra of pristine CNTs, CNT-SH, and CNT-Pd nanocomposites.
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ig. 5. Stille coupling reactions of 4-iodobenzene and tributylphenylstannane.

mount of Pd contained in the nanocomposite was 2.47 wt.%, which
as consistent with that of the XPS result.

To verify their catalytic activity in the Stille and Hiyama coupling
eaction, a comparative experiment using the CNT-Pd nanocom-
osite, Pd(dba)2, CNTs, Pd(dba)2/CNT mixture, and a commercial
d/C catalyst (purchased from Aldrich) under identical conditions
as conducted. 0.3 mol.% of the catalyst was employed in both

eactions. For the Stille reaction, the coupling of 4-iodotoluene
nd tributylphenylstannane afforded the desired product with
0% yield in 40 h at 50 ◦C. As shown in Fig. 5, similar reactivity
as observed at the initial reaction time, however the CNT-Pd

fforded better reactivity than the other catalysts, including the
ristine Pd(dba)2, CNTs, Pd(dba)2/CNT mixture and a commercial
d/C catalyst. The Hiyama coupling reaction of 4-iodotoluene and
rimethoxysilylbenzene (see Fig. 6) was also carried out in the pres-

nce of the CNT-Pd, with TBAF as an activator, in p-xylene at 50 ◦C.
nly the CNT-Pd afforded the coupled product, 4-methylbiphenyl,
ith 98% yield in 20 h. The other catalysts, viz. the pristine Pd(dba)2,
NTs, the mixture of CNTs and Pd(dba)2, and the commercial Pd/C

ig. 6. Hiyama coupling reactions of 4-iodobenzene and trimethoxysilylbenzene.
Fig. 7. Comparison of the Pd 3d XPS spectra from the pristine Pd(dba)2 and CNT-Pd
nanocomposites reacted for 10 and 20 h. The two samples were extracted from the
Hiyama coupling reactions.

catalyst did not produce the desired coupled product. Both the Stille
and Hiyama coupling reactions showed low yields at the beginning
of the reactions, which means that they might require an induction
period for the activation of the CNT-Pd: the Stille reaction needed
7 h and the Hiyama reaction needed 5 h for their activation. Both
proceeded under ligand-free conditions. Generally, in the absence
of a ligand, the active palladium species is converted to inactive pal-
ladium black. In the case of the CNT-Pd, the CNT supports inhibit the
formation of inactive palladium black and maintain the active Pd(0)
state during the reaction time (see Fig. 7), which may be responsible
for the good catalytic activity of the nanoparticles in the chemical
reactions.

4. Conclusions

We demonstrated that thiolated CNTs can be effectively used as
a catalyst support for C C bond forming reactions. The TEM studies
indicate that well-dispersed Pd nanoparticles were anchored onto
the surface of the CNTs and the size range of these nanoparticles
was about 3–10 nm. The XPS results suggest that the Pd content was
about ∼2.0 at.%. The prepared CNT-Pd effectively promoted C C
bond forming reactions, such as the Stille and Hiyama reactions, at
a low Pd content in the absence of any ligand and exhibited higher
activity compared with that of the pristine CNTs. The results suggest
that the CNTs significantly influenced the catalytic activities of the
CNT-supported metal catalysts for the C C bond forming reactions.

Acknowledgments

This work was supported by the Korea Research Foundation
Grant funded by the Korean Government (MOEHRD, Basic Research
Promotion Fund) (KRF-2008-331-C00192).

References

[1] G. Mann, J.F. Hartwig, J. Org. Chem. 62 (1997) 5413.
[2] H.-U. Blaser, A. Indolese, A. Schnyder, H. Steiner, M. Studer, J. Mol. Catal. A 173

(2001) 3.
[3] R.B. Bedford, C.S.J. Cazin, D. Holder, Coord. Chem. Rev. 248 (2004) 2283.
[4] M. Dams, L. Drijkoningen, B. Pauwels, G.V. Tendeloo, D.E. De Vos, P.A. Jacobs, J.
Catal. 209 (2002) 225.
[5] H. Hidaka, A. Saitou, H. Honjou, K. Hosoda, M. Moriya, N. Serpone, J. Hazard.

Mater. 148 (2007) 22.
[6] L. Chen, L. Yang, H. Liu, X. Wang, Carbon 46 (2008) 2137.
[7] Z.-C. Wang, Z.-M. Ma, H.-L. Li, Appl. Surf. Sci. 254 (2008) 6521.
[8] A. Corma, H. Garcia, A. Leyva, J. Mol. Catal. 230 (2005) 97.



3 Cataly

[
[
[

[

[
[

[

[
[
[19] X. Sun, R. Li, D. Villers, J.P. Dodelet, S. Desilets, Chem. Phys. Lett. 379 (2003) 99.
2 J.Y. Kim et al. / Journal of Molecular

[9] P.-P. Zhang, X.-X. Zhang, H.-X. Sun, R.-H. Liu, B. Wang, Y.-H. Lin, Tetrahedron
Lett. 50 (2009) 4455.

10] C.-Y. Lu, M.-Y. Wey, Fuel 86 (2007) 1153.
11] J.Y. Kim, Y. Jo, S. Lee, H.C. Choi, Tetrahedron Lett. 50 (2009) 6290.
12] V. Tzitzios, V. Georgakilas, E. Oikonomou, M. Karakassides, D. Petridis, Carbon
44 (2006) 848.
13] E.C. Vermisoglou, V. Georgakilas, E. Kouvelos, G. Pilatos, K. Viras, G. Romanos,

N.K. Kanellopoulos, Micropor. Mesopor. Mater. 99 (2007) 98.
14] T. Xu, J. Yang, J. Liu, Q. Fu, Appl. Surf. Sci. 253 (2007) 8945.
15] M.J. O’Connell, P. Boul, L.M. Ericson, C. Huffman, Y.H. Yang, E. Haroz, C. Kuper,

J. Tour, K.D. Ausman, R.E. Smalley, Chem. Phys. Lett. 342 (2001) 265.

[
[
[
[
[

sis A: Chemical 323 (2010) 28–32

16] J.L. Bahr, J.P. Yang, D.V. Kosynkin, M.J. Bronikowski, R.E. Smalley, J.M. Tour, J.
Am. Chem. Soc. 123 (2001) 6536.

17] V. Lordi, N. Yao, J. Wei, Chem. Mater. 13 (2001) 733.
18] D.-J. Guo, H.-L. Li, Electroanalysis 17 (2005) 869.
20] M.F. Rettig, P.M. Maitlis, Inorg. Synth. 28 (1990) 110.
21] A.F. Littke, L. Schwarz, C. Fu, J. Am. Chem. Soc. 124 (2002) 6343.
22] J. Ju, H. Nam, H.M. Jung, S. Lee, Tetrahedron Lett. 47 (2006) 8673.
23] C. Thomsen, C. Reich, Phys. Rev. Lett. 85 (2000) 5214.
24] S. Qsswald, E. Flahaut, H. Ye, Y. Gogotsi, Chem. Phys. Lett. 402 (2005) 422.


	Synthesis of carbon nanotube supported Pd catalysts and evaluation of their catalytic properties for CC bond forming react...
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgments
	References


