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Palladium nanoparticles serve as the primary catalyst for low-
temperature reduction of pollutants emitted from automobées!
organic reactions, such as Suzuki, Heck, and Stille cougliBg.
tailoring the size and/or shape, one can, in principle, enhance their
catalytic performance in a range of applicatiérgo date, shape-
controlled synthesis has been achieved for many metals and alloys,
such as Co, Ag, Au, Pt, and FePPalladium nanoparticles of
various morphologies have also been prepared in the presence of
surfactant$, with the mediation of RNAS, through the thermal
decomposition of a Pdsurfactant complex,and via the use of a
coordinating ligand.However, a more thorough understanding of
the possible chemical reactions involved in the formation of Pd
nanopatrticles is still required in order to gain a better control over
their shape, crystallinity, and yield. Here, we demonstrate that Pd
cubooctahedral nanoparticles could be prepared with high yields
and good uniformity using a modified polyol process, in which
[PACL]%~ was reduced by ethylene glycol (EG) at 1%0 in the
presence of poly(vinyl pyrrolidone) (PVP)In particular, it was
found that oxidative etching of Pd nanoparticles by air might lead min: (B)t = 3 h: (C)t = 5 h: and (D)t = 7 h 40 min. Twinned particles
to the removal of twinned particles in the early stage and the are’indicated by\’N. The insetyof (A) shows the magnified image of a 5-fold
dissolution of single-crystal cubooctahedra in the late stage. The twinned nanoparticle.
key to high yields of uniform cubooctahedral nanoparticles is to
utilize the former and eliminate the latter.

Figure 1 shows TEM images of Pd nanoparticles sampled at
different stages from a reaction performed in air.tAt 5 min
(Figure 1A and Figure S1A), the sample mainly contained cubooc-
tahedra of 48 nm in size and 10% multiply twinned particles
(MTPs). A magnified image of the 5-fold MTP is shown in the
inset. As the reaction proceededts 1 h, all the twinned particles
disappeared while the average size of the cubooctahedra grew to 8
nm. In the following 2 h, there was no significant change for both
size and shape. Figure 1B (also see Figure S1B) shows a typical
image of the sample obtainedtat 3 h. During the next 2 h, the
cubooctahedra were slowly dissolved until they reached an average
diameter of 3 nm (Figure 1C). Beyond this point, the Pd particles
began to grow again until they reached an average size of 10 nm
by t = 7 h 40 min (Figure 1D). By analyzing the images, the size
distribution of nanoparticles was found to be broader than those
sampled at = 3 h (Figure S2). Fi 2RTEM 'm ' f Pd tahedron prepared in atr=at
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The Cupooctahedral S:tructu.re was Suppor.ted by. high-resolution 3 ﬁflﬁhe insets show t?]geedgrliﬁeldc#Eﬁlloi?nzgee ocf) a‘():uebpoaolcatahe(?ro:: using
gnd dark-field TEM studies (Flgure_ 2). The f”ng_es in the HRTEM the {200} reflection beam (upper right) and the geometrical model of the
image are separated by 2.0 A, which agrees with{ &g} lattice cubooctahedron (lower left).
spacing of face-centered cubic Pd. The dark-field image (upper right
inset) recorded by §200 reflection beam unambiguously il-
lustrates both the single crystallinity of the nanoparticle and the
formation of{10G facets on its surface. The fringe orientation in

— 20 nm

Figure 1. TEM images of Pd nanoparticles prepared in air at {A) 5

LA

the HRTEM image implies that the nanoparticle is bound by 8
{111} facets and § 100} facets. As supported by the superior
contrast in the dark-field TEM image, it can be concluded that the
single-crystal nanoparticle has a cubooctahedral shape, similar to
t Department of Chemistry. the model shown in the inset of Figure 2 (lower left). The powder

* Department of Chemical Engineering. X-ray diffraction (PXRD) and electron diffraction (ED) pattern
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Figure 3. UV —vis spectra of solutions taken at different reaction stages.
The inset depicts the time dependence of the absorbane24&tnm, which
is directly proportional to the concentration of the [Pg&l species.

(Figure S3) also confirms the phase purity and crystallinity of the
Pd cubooctahedral nanoparticles.

To appreciate the oxidative etching process, we analyzed the
UV —vis spectra of the solution at different stages of the reaction

cubooctahedra would start to dissolve slowly. This experiment not
only proves the role of oxidative etching by @D, in the
dissolution of Pd nanoparticles but also demonstrates that selective
etching can be used to purify and thus control the shape of
nanoparticles.

In summary, uniform cubooctahedral nanoparticles of Pd were
synthesized via a modified polyol process. Understanding the role
of oxidative etching is critical to the achievement of both uniform
shape and size. By controlling the etching process, the twinned
particles in a sample could be selectively removed to leave behind
uniform, single-crystal cubooctahedra. Although nanoparticles of
other metals may be similarly susceptible to oxidative etching, this
factor has been largely unexplored. We believe that introduction
of an oxidant into the synthesis of metal nanoparticles may provide
a versatile tool to control their nucleation and growth into well-
defined shapes.
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Supporting Information Available: Experimental procedure; ED
and PXRD patterns of the Pd cubooctahedral nanoparticles produced
in air att = 3 h; UV—vis spectra of PVP and NAdCl in EG; TEM
images of Pd nanoparticles synthesized under Ar; and geometrical

etched in the early stage of a synthesis. They are more reactivejjystration of twinned decahedral and icosahedral particles. This

because of the necessarily higher density of defects on their
surfaces!1? Since the single-crystal cubooctahedra have fewer
defects, they are relatively more stable and oxidative etching of
their surfaces occurred more slowly. As a result, the twinned
particles were completely dissolved by= 1 h, and the size and
shape of cubooctahedra remained largely unchanged between
1 h andt = 3 h. As the synthesis proceeded, the cubooctahedra
were also etched and their size was gradually reduced. At this stage
continuous heating of EG maintained the reduction proteshbjle
etching of particles increased the concentration of [fJdCIThus,
after the initial dissolution stage, the reduction rate of [RHCI
would be increased again and the small particles could grow into
larger sizes via heterogeneous nucleation. Simultaneous homoge
neous nucleation during this stage might contribute to the broader
size distribution. Taken together, the key to uniform Pd cubooc-
tahedra is to limit the etching only to twinned particles and to protect
the cubooctahedra from etching. For the current synthesis, the
optimized time was betweer= 1 h andt = 3 h.

The oxygen in air played a crucial role in the oxidative etching

of Pd nanoparticles. Pd nanoparticles were not dissolved when the

reaction was performed under argon (Figure S5). This observation
confirms that oxidative etching was responsible for the dissolution
of Pd nanopatrticles. The selective removal of twinned particles via

an oxidative etching process has recently been applied to the case

of silver by our groug# Without etching, silver products contained
90% twinned particles and 10% single-crystal particles. With
etching, 98% of the nanoparticles became single crystals. In the

material is available free of charge via the Internet at http://pubs.acs.org.
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