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Metallic nanoparticles serve many functions. For example,
palladium and platinum metal nanoparticles stabilized by
surfactants and solvents can act as catalysts for hydrogena-
tion[1,2] and Heck, Suzuki, and Stille cross-coupling reac-
tions.[3–5] Nanoparticles are also potential building blocks for
designing larger organized structures for chemical sensing
applications and magnetic and electronic devices.[6] This is
fundamentally important because these structures display
properties that are distinct from those of the individual
constituent particles.[7] Several methods have been applied to
obtain 3D aggregates of metal nanoparticles,[8–11] one of the
more efficient being the “brick-and-mortar” (“BM”) strategy,
which involves the use of multifunctional organic ligands,
polymers, or biomolecules as the cohesion “mortar”.[12,13]

Naka et al. have also used cubic silsesquioxanes as the
cross-linker for generating spherical palladium aggregates.[14]

Recently we have embarked on a project to assemble
metal nanoparticles by the laser decomposition of transition
metal carbonyls or phosphanes, with particular interest in
understanding the reaction pathways that lead to nanoparticle
formation. We chose the photolysis of organometallic species
in which the metal is already present in the zero oxidation
state, thereby eliminating the need for reducing agents and
possibly high temperatures. Herein a facile method for
assembling palladium nanoparticles into spherical, core–
shell aggregates by visible laser decomposition of commer-
cially available tetrakis(triphenylphosphane)palladium is pre-
sented. In this two-step procedure, palladium nanocores (15–
25 nm) are first generated by laser decomposition and then
smaller palladium nanocrystals (< 5 nm) are formed by the
thermal decomposition of the remaining [Pd(PPh3)4] aggre-
gated around the Pd core.
In a typical experiment, [Pd(PPh3)4] (11.5 mg, 0.01 mmol;

99% Sigma-Aldrich) was dissolved in 5 mL of DMF (HPLC
grade, Aldrich) and 5 mL of ethanol (AR grade, Aldrich) to
form an orange solution. The UV/Vis absorption spectrum of

the solution was recorded with a Shimadzu UV-2550 spec-
trometer to check its absorptivity around 532 nm, which is the
pulsed-laser wavelength available in our laboratory
(Figure 1). The broad absorption spectrum (from < 300 to

650 nm) obtained showed that it should be possible to induce
changes in [Pd(PPh3)4] by irradiation with the laser. The
solution was then irradiated with a 532-nm pulsed YAG laser
(Continuum Surelite III-10, 80–100 mJ per 10-ns pulse), with
vigorous stirring, for 30 min. A change of color from orange to
black occurred in around 10 minutes, thereby indicating the
decomposition of the precursor and formation of palladium
nanoparticles. This could also be seen from the changes in the
UV/Vis spectrum (Figure 1). An aliquot of this solution
(labeled as productA) was removed immediately for charac-
terization, while the remainder (labeled as product B) was
kept in the dark and maintained under ambient conditions for
24 h without shaking or stirring. This allowed the precursor to
decompose thermally in the dark and generate more Pd
particles. Both A and B were centrifuged and rinsed with
DMF and ethanol several times to remove the free PPh3. The
remaining black solids were then collected and redispersed in
ethanol for further investigation. The UV/Vis absorption
spectrum of B dispersed in ethanol is essentially the same as
that of A.
Figure 2 shows a scheme for the formation of our core–

shell palladium spheres. The first step requires the laser
photodecomposition of [Pd(PPh3)4] into Pd atoms and free
PPh3. We monitored the progress of the photodecomposition
by 31P NMR spectroscopy and, indeed, the signals of the
precursor (d= 29.8 ppm) decrease in intensity with a con-
comitant increase of the signal for free PPh3 (d=�4.75 ppm).
ATEM image taken of the Pd nanocores (A) with a JEOL

TEM-2010F instrument (field emission, 200 keV) is shown in
Figure 3. A narrow distribution of core sizes, with diameters
ranging from 15 to 25 nm, is achieved upon laser photo-
decomposition of [Pd(PPh3)4]. The selective area electron
diffraction (SAED) pattern obtained during the acquisition of
the TEM image shows the cores to be polycrystalline
palladium corresponding to a face-centered cubic (fcc)

Figure 1. The absorption spectrum of the precursor [Pd(PPh3)4] (a) and
the as-prepared core and core–shell palladium nanoparticles (b).
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structure. Smaller palladium nanoparticles of the order of
5 nm can also be seen individually or as aggregates on the
surface of the larger core particles upon closer inspection.
Further thermal decomposition of the remaining [Pd-

(PPh3)4], in the absence of irradiation, produces many more
of these small Pd nanoparticles (< 5 nm) and, in turn, induces
even more aggregation on the surface of the core Pd
nanoparticles. This results in the formation of spherical
core–shell palladium structures (B ; Figure 4a). These TEM
images of product B show that the overall core–shell spheres
are larger but maintain a fairly narrow size distribution of
100� 20 nm. Incidentally, the core diameters remain
unchanged at about 20 nm. With the higher magnification
provided by a JEOL TEM-3010 (300 keV) instrument, the
shells were seen to be composed of dark spots (Figure 4b,c).
These dark spots were determined to be individual Pd
nanocrystals whose lattice spacing of 0.23 nm corresponds
to the (111) distance of fcc Pd (Figure 4d). Almost every
nanoparticle smaller than about 5 nm appears to be a discrete
entity in the nanoshell of the core–shell structure, although
some merging of the particles could also be observed upon
closer inspection.
An X-ray diffraction (XRD) analysis with a Siemens

Powder XRD D5005 diffractometer also confirmed the

formation of the Pd nanoparticles by revealing the character-
istic diffraction peaks of the palladium fcc phase (Figure 5).[15]

An energy-dispersive X-ray (EDX) analysis of the core–
shell structure revealed the presence of phosphorus within the
shell with a P/Pd ratio of around 0.06. Therefore, the shell
most likely consists of at least two types of PPh3, namely free
PPh3 in the space surrounding the small Pd nanoparticles and
PPh3 adsorbed on the nanoparticle surface. Both these types
of PPh3 play a key role in the aggregation process during
formation of the core–shell structure. Unfortunately we did
not obtain an NMR signal for the adsorbed PPh3 because of
the low concentration of the core–shell nanoparticles.
Although it is likely that [Pd(PPh3)4] would also be trapped
upon Pd nanoparticle formation, this species would decom-
pose within the nanoparticle in a manner similar to the
thermal decomposition in solution. Hence, [Pd(PPh3)4] rep-
resents, at most, a minor contribution to the composition of
the core–shell Pd structure, especially if the nanoparticles
have been left in the dark for a few days.

Figure 2. Formation of the core–shell palladium nanostructures.
NP=nanoparticle.

Figure 3. TEM image showing the cores formed during the laser-
induced decomposition of [Pd(PPh3)4] ; the insert shows the SAED
pattern of these core Pd particles.

Figure 4. a) TEM image of the core–shell structure; b) and c) high-
magnification TEM images showing the core–shell structure clearly;
d) an HRTEM image of the shell showing that it is composed of
palladium nanoparticles.

Figure 5. The XRD pattern of the core–shell palladium spheres (prod-
uct B).
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When the EDX beam was directed towards the center of
the core–shell structure, the P/Pd ratio was found to decrease
to 0.02. We believe that the detected phosphorus, albeit in
lower amounts, originates from the shell, since the beam still
has to sample this region around the core. A simple
calculation shows that for a core thickness of about 20% of
the whole structure (as estimated from Figure 4b), the P/Pd
ratio should decrease slightly to about 0.05 assuming that the
core consists of only Pd atoms of the same density as the shell.
However, a larger decrease is seen, which strongly suggests
that the packing of Pd atoms within the core is denser, closely
resembling that of the pure metal, and that phosphorus
species are absent. Hence, EDX analysis supports the
formation of an almost pure Pd core, or at least one with a
much higher Pd density, surrounded by aggregates of smaller
Pd nanoparticles interspersed with phosphanes.
We also found that when the solution of [Pd(PPh3)4] was

irradiated with the pulsed laser for a longer time (> 2 h), no
core–shell structures could be obtained even after the
solution had been stored in the dark for a few days. During
such a prolonged irradiation period the precursor would have
decomposed completely to give only the core palladium
nanoparticles. If the duration of the photolysis is shortened
not all of the precursor decomposes, thus allowing the
remainder to undergo gradual thermal decomposition to
form the smaller palladium nanoparticles, which then aggre-
gate on the core surface. In another experiment, [Pd(PPh3)4]
was allowed to decompose slowly in the absence of any laser
or light irradiation under ambient conditions and without any
heating, shaking, or stirring. The solution gradually became
turbid and within 24 to 40 h turned from orange to black.
After performing the required workup to isolate the nano-
particles, we found that they were spherical aggregates with
no Pd core. These spherical aggregates are larger, with
diameters of up to 400 nm.
The formation of larger aggregates of Pd nanoparticles in

the absence of irradiation is due to the smaller number of
“seed” nuclei in the solution. The precursor can only
decompose slowly in the dark to form smaller Pd nano-
particles (< 5 nm), which, in turn, are adsorbed by the free
PPh3 released during the decomposition process. These
individual nanoparticles aggregate, perhaps through intermo-
lecular p–p interactions, and their growth may be diffusion-
controlled.[16] Laser photolysis greatly influences the size of
the Pd aggregates formed. In the initial step, efficient
decomposition of [Pd(PPh3)4] accelerated by the intense
laser pulse releases more palladium atoms during each pulse
and causes the aggregation into larger palladium nanoparti-
cles (20� 5 nm). Since no further triphenylphosphane is
added, there is insufficient adsorbate to prevent the formation
of these large nanocores. However, once the irradiation is
stopped, and providing some Pd precursors remain, slower
thermal decomposition can take place instead to form much
smaller nanoparticles. Interestingly, these smaller particles
tend to move towards the larger, laser-generated Pd cores to
form core–shell assemblies. We are not aware of any previous
work that reports the formation of such a core–shell structure
for palladium, although aggregates resembling the shell
structure have been observed previously.[14]

It is worth pointing out that the outer-shell aggregates of
palladium nanoparticles are formed spontaneously without
the influence of any external forces. As seen in Figure 4b, the
core–shell structures are spherical. According to the diffu-
sion-controlled-growth theory, every nucleus gathers the
neighboring primary particles within its individual field of
attraction, which extends as a circular arc around a spherical
particle to a defined distance from the center of the particle. It
is therefore not surprising that the nanostructures obtained
here are spherical when this formation process is consid-
ered[17] as the particles tend to grow into a spherical shape in
order to minimize their surface energy.[18] In the present case,
the shape of the spontaneously formed core–shell aggregates
also becomes spherical in order to minimize their surface
energy.
In summary, stable core–shell palladium nanoparticles

(100� 20 nm) are formed by laser decomposition followed by
thermal decomposition of a solution containing [Pd(PPh3)4].
The core (20� 5 nm) consists of pure, metallic palladium
while the shell is an aggregate of smaller Pd particles (< 5 nm)
interspersed with phosphanes. If the palladium precursor is
allowed to decompose thermally only the shell structure is
formed, whereas if the laser irradiation is prolonged only the
core structure is observed. This provides a convenient method
for tuning the structure of palladium nanoparticles by making
use of both photochemical and thermal decomposition path-
ways.

Received: September 27, 2005
Published online: December 30, 2005

.Keywords: aggregation · nanostructures · palladium ·
photochemistry · self-assembly

[1] A. Henglein, B. G. Ershov, M. Malow, J. Phys. Chem. 1995, 99,
14129.

[2] G. Schmid, M. Harms, J. O. Malm, J. O. Bovin, J. V. Ruitenbeck,
H. W. Zandbergen, T. W. Fu, J. Am. Chem. Soc. 1993, 115, 2046.

[3] M. Beller, H. Fischer, K. Kuhlein, C. P. Reisinger, W. A.
Herrmann, J. Organomet. Chem. 1996, 520, 257.

[4] M. T. Reetz, G. Lohmer, Chem. Commun. 1996, 1921.
[5] R. Narayanan, M. A. El-Sayed, J. Am. Chem. Soc. 2004, 126,
8340.

[6] R. P. Andres, J. D. Bielefeld, J. I. Henderson, D. B. Janes, V. R.
Kolagunta, C. P. Kubiak, W. J. Mahoney, R. G. Osifchin, Science
1996, 273, 1690.

[7] D. Feldheim, The Electrochemical Society Interface Fall Meeting,
2001, pp. 22–25.

[8] A. K. Boal, F. Ilhan, J. E. DeRouchey, T. Thurn-Albrecht, T. P.
Russell, V. M. Rotello, Nature 2000, 404, 746.

[9] X. G. Peng, T. E. Wilson, A. P. Alivisatos, P. G. Schultz, Angew.
Chem. 1997, 109, 113;Angew. Chem. Int. Ed. Engl. 1997, 36, 145.

[10] S. Y. Chang, L. Liu, S. A. Asher, J. Am. Chem. Soc. 1994, 116,
6739.

[11] Z. Zhong, A. S. Subramanian, J. Highfield, K. Carpenter, A.
Gedanken, Chem. Eur. J. 2005, 11, 1473.

[12] C. A. Mirkin, R. L. Letsinger, R. C. Mucic, J. J. Storhoff, Nature
1996, 382, 607.

[13] R. Elghanian, J. J. Storhoff, R. C. Mucic, R. L. Letsinger, C. A.
Mirkin, Science 1997, 277, 1078.

[14] K. Naka, H. Itoh, Y. Chujo, Nano Lett. 2002, 2, 1183.

Zuschriften

1140 www.angewandte.de � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2006, 118, 1138 –1141

http://www.angewandte.de


[15] Joint Committee on Standards, Powder Diffraction, Diffraction
Data File, JCPDS Instrumental Center for Diffraction Data,
Pennsylvania, 1991.

[16] T. Sugimoto,Monodispersed Particles, Elsevier, New York, 2001.
[17] T. Sugimoto, E. J. J. Matijevic, J. Colloid Interface Sci. 1980, 74,

227.
[18] X. Peng, J. Wickham, A. P. Alivisatos, J. Am. Chem. Soc. 1998,

120, 5343.

Angewandte
Chemie

1141Angew. Chem. 2006, 118, 1138 –1141 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de

