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ABSTRACT: The development of high-performance nanocatalysts
relies essentially on the generation of stable and active surface sites
at the atomic scale through synthetic control of the size, shape, and
chemical composition of nanoscale metals and metal oxides. One
promising route is to induce the exposure of catalytically active
high-index facets of nanostructures through shape-controlled
syntheses. We have designed and prepared two types of Pd
nanoshells that are enclosed by high-index {730} and {221} facets
through heteroepitaxial growth on high-index-faceted Au nano-
crystals. The turnover numbers per surface atom of the high-index-
faceted Pd nanoshells have been found to be 3-7 times those of Pd and Au-Pd core-shell nanocubes that possess only {100}
facets in catalyzing the Suzuki coupling reaction. These results open up a potential for the development of inexpensive and highly
active metal nanocatalysts.

’ INTRODUCTION

One of the major goals in current catalysis research is to design
more efficient, stable, and economical nanocatalysts for efficient
energy utilization, chemical production, and pollution control.1-5

The development of these next-generation nanocatalysts relies on
generating stable and active surface sites at the atomic scale6-13

through synthetic approaches for the control of the size, shape, and
chemical composition of nanocatalysts.14-19 Fundamental stud-
ies on the single-crystalline surfaces of bulk Pt have shown that
high-index planes exhibit a high density of atomic steps, ledges,
and kinks, which usually serve as active sites with high catalytic
activities.20 Consequently, tailoring the exposure of high-index
facets through shape-controlled syntheses is a potential route for
the fabrication of efficient next-generation nanocatalysts.

Palladium is widely used in areas ranging from fuel cells, hydro-
gen storage, water treatment, and hydrogen purification. Pd nano-
particles function as indispensable catalysts in petroleum cracking,
hydrogenation, organic reactions, and low-temperature reduction
of automobile pollutants. Previous catalytic studies have so far
focused dominantly on nearly spherical Pd nanoparticles with ill-
defined facets, which prevent from quantitative measurements of
the catalytic performance of different facets. We chose to study the
effect of different facets on the catalytic performance of Pd nano-
crystals. To date, chemical methods have been recently developed
for the growth of high-index-faceted tetrahexahedral (THH)21 and
trisoctahedral (TOH)22,23 Au nanocrystals in solutions in high
yields and large quantities, while only electrochemical methods
have been demonstrated for the preparation of THHPd24 andPt25

nanocrystals on electrodes. In addition, Au nanocubes have been
employed in a recent experiment to direct the growth of THH
Au-Pd core-shell nanocrystals.26

In this Article, we report the design and preparation of two
types of Pd nanoshells that are enclosed by high-index {730} and
{221} facets, respectively. THH and TOH Au nanocrystals are
employed as the core supports to direct the growth of the high-
index-faceted Pd nanoshells. The catalytic performance of these
high-index-faceted Pd nanoshells for the Suzuki coupling reac-
tion was measured and compared to those of Pd and Au-Pd
core-shell nanocubes that possess only {100} facets. The turn-
over numbers (TONs) per surface atom of the high-index-faceted
Pd nanoshells are 3-7 times those of the Pd and Au-Pd core-
shell nanocubes. These results demonstrate that high-index-faceted
nanocrystals are excellent nanocatalytic systems for organic reac-
tions and surface chemical processes, allowing us to push the en-
velope in the development of more efficient and stable catalysts
for the fuel industry.

’EXPERIMENTAL SECTION

Preparation of the THH Au-Pd Core-Shell Nanocrystals.
The growth of the THH Au nanocrystals followed a described pro-
cedure.21 The THH Au-Pd core-shell nanocrystals were grown
through a seed-mediated method. Typically, the THH Au nanocrystal
solution (1 mL) was added into an aqueous growth solution composed
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of cetyltrimethylammonium bromide (CTAB, 0.025 M, 4 mL), H2PdCl4
(0.01 M, 0.015 mL), and ascorbic acid (0.1 M, 0.008 mL). The reaction
mixture was mixed by gentle inversion for 10 s and then left undisturbed
overnight at room temperature. The resultant solution was centrifuged
at 6300g for 10 min, and the precipitate was redispersed in water (1 mL)
for the catalytic reaction. The THH Pd nanoshells with different
thicknesses were prepared similarly by changing the volume of the
H2PdCl4 solution to 0.005, 0.010, and 0.020 mL. The corresponding
volumes of the ascorbic acid solution were 0.003, 0.005, and 0.010 mL,
respectively. The percentage of H2PdCl4 consumed for the shell growth
was measured to be (73 ( 4)% using an inductively coupled plasma
atomic emission spectroscopy (IRIS Advantage, Thermo Jarrell Ash
Corp.).
Preparation of the TOH Au-Pd Core-Shell Nanocrystals.

The preparation of the TOH Au-Pd core-shell nanocrystals was real-
ized through three seed-mediated growth steps. Au octahedra were pre-
pared in the first step, following a reportedmethod.27 In a typical growth,
an aqueous HAuCl4 solution (0.01 M, 0.25 mL) was first mixed with a
CTAB solution (0.1 M, 9.75 mL). A freshly prepared, ice-cold NaBH4

solution (0.01 M, 0.60 mL) was then added under vigorous stirring. The
resultant seed solution was kept under gentle stirring for 3 h at room
temperature before use. The seed solution was diluted 10 times, and the
diluted seed solution (0.12 mL) was added to a mixture solution made
of CTAB (0.1M, 4mL), water (19mL),HAuCl4 (0.01M, 0.40mL), and
ascorbic acid (0.1 M, 1.5 mL). The reaction mixture solution was mixed
by gentle inversion for 10 s and then left undisturbed overnight at room
temperature. The TOH Au nanocrystals were prepared in the second
step, where the Au octahedra were used as the seeds. Briefly, the as-grown
Au octahedron solution (2.5mL) was added into an aqueous growth solu-
tion composed of cetyltrimethylammonium chloride (CTAC, 0.025 M,
30.3 mL), HAuCl4 (0.01M, 0.5 mL), and ascorbic acid (0.1 M, 0.25 mL).
The obtained solution was mixed by gentle inversion for 10 s and then left
undisturbed overnight at room temperature. The resultant TOH nano-
crystal solution (30mL) was centrifuged at 6300g for 10min, and the pre-
cipitate was redispersed into an aqueous CTAB solution (0.1 M, 10 mL)
for the further growth. The growth of the TOHAu-Pd core-shell nano-
crystals was similar to that of the THH Au-Pd core-shell nanocrystals,
where the THH Au nanocrystal solution was replaced with the TOH Au
nanocrystal solution.
Growth of the PdNanocubes. The growth of the Pd nanocubes

was according to a reported procedure.28 Briefly, an aqueous H2PdCl4
solution (0.01 M, 0.5 mL) was first added into an aqueous CTAB solu-
tion (0.0125 M, 10 mL). The mixture solution was then heated to 96 �C
and kept at this temperature for 20 min, followed by the addition of an
aqueous ascorbic acid solution (0.1 M, 0.08 mL). The resultant solution
was kept at the same temperature for another 30 min for the nanocube
growth. The percentage of H2PdCl4 consumed for the nanocube growth
was measured to be (65 ( 3)%.
Growth of the Au-Pd Core-Shell Nanocubes. The Au-Pd

core-shell nanocubes were grown using the Au octahedra above as the
seeds. Specifically, the as-grown Au octahedron solution (1 mL) was
added into an aqueous growth solution composed of CTAB (0.025 M,
4 mL), H2PdCl4 (0.01 M, 0.16 mL), and ascorbic acid (0.1 M, 0.08 mL).
The reaction mixture solution was mixed by gentle inversion for 10 s and
then left undisturbed overnight at room temperature. The percentage of
H2PdCl4 consumed for the shell growth was measured to be (73( 4)%.
Operation of the Suzuki Coupling Reaction. The Suzuki

coupling reaction between phenylboronic acid and iodobenzene was
performed with the THH and TOH Au-Pd core-shell nanocrystals
prepared from 0.015 mL of the H2PdCl4 solution. Specifically, iodo-
benzene (0.034 mL, 0.3 mmol) was added to ethanol (4 mL) in the
presence of phenylboronic acid (0.073 g, 0.6 mmol), K2CO3 (0.138 g,
1 mmol), and the nanocrystal solution (1 mL). The mixture was placed
in an oil bath at 85 �C under gentle stirring for 1 h. The product was

extracted with CH2Cl2 and directly analyzed by gas chromatography-
mass spectrometry (GC-MS). The GC-MS analysis was performed
on anHP 6890GC system equipped with anHP 5973mass-selective de-
tector and an HP-5 MS capillary column. The control experiments were
carried out with the same procedure, except that the different nano-
crystals were utilized.
Nanocrystal Structure Characterization. Transmission elec-

tron microscopy (TEM) imaging was performed on an FEI CM120
microscope. High-resolution (HR) TEM and high-angle annular dark-
field (HAADF)-scanning transmission electron microscopy (STEM)
characterizations were carried out on an FEI Tecnai F20 microscope
equipped with an Oxford energy-dispersive X-ray analysis system. Scan-
ning electronmicroscopy (SEM) images were acquired on an FEIQuanta
400 FEG microscope.

’RESULTS AND DISCUSSION

Structure Characterizations. The underlying principle of
building a high-index-faceted Pd nanoshell is to deposit Pd atoms
heteroepitaxially onto pregrown high-index-faceted THH and
TOH Au nanocrystals through a reduction reaction in solutions.
Previously demonstrated methods of epitaxially growing Pd
shells on Au nanorods and octahedra to produce Au-Pd core-
shell cuboids29 and nanocubes,27,30 respectively, in aqueousCTAB
solutions were adapted for the preparation of high-index-faceted
Pd nanoshells. Because Pd nanocrystals are usually enclosed with
{100} facets in aqueous CTAB solutions,27,29,30 thin Pd shells
were grown so that the THH and TOH shapes with high-index
facets could be maintained.
The THHAu nanocrystals were prepared using a seeded growth

method.21 They are elongated and have an average diameter
and length of 71( 8 and 125( 12 nm, respectively (Figure 1 and
Figure S1, Supporting Information). They are enclosed with 24
{730} facets, which have been characterized previously by us in
detail.21

The growth of a thin Pd shell enlarged the nanocrystals. The
final shape of the resultant Au-Pd core-shell nanocrystals is
dependent on the thickness of the Pd shell, and it was in turn
controlled by the supplied amount of the Pd precursor (Figures
S2 and S3, Supporting Information). The core-shell nanocryst-
als with thin Pd shells exhibit clear facets, which are very similar to
those of the original elongated THH Au nanocrystals (Figure 2a).
As the Pd shell becomes thicker, the core-shell nanocrystals evolve
from THH to cuboid shapes. The Pd shell of the Au-Pd core-
shell nanocrystals employed in the catalytic study was controlled to
be thin. The average diameter and length of the core-shell nano-
crystals weremeasured to be 77( 7 and 132( 10 nm, respectively
(Figure 2b and c). The thickness of the Pd shell is therefore∼3 nm.
We carefully characterized the facets and structure of the core-
shell nanocrystals. Because a THH nanocrystal can be considered
to be derived geometrically from a cuboid that possesses 6 equivalent

Figure 1. (a,b) SEM images of the THH Au nanocrystals at different
orientations. (c) TEM image of the THH Au nanocrystals.
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{100} facets, the facet indices of the core-shell nanocrystals can
be determined from the angle between the bevel and base planes
of the protruding pyramids (Figure 2a and d). The angle can be
measured from the TEM image that is recorded along the Æ100æ
axis. When a THH nanocrystal is aligned along the Æ100æ axis, 8
out of its 24 facets are visible, and the facets that are parallel to the
viewing direction are projected to be straight edges. Electron-
diffraction patterns were recorded on the core-shell nanocryst-
als to align them along the Æ100æ axis (Figure 2d). The angles
between the bevel and base planes of the shown THH Au-Pd
core-shell nanocrystal were measured to be 22�, 24�, 27�, 23�,
23�, 23�, 23�, and 25�, clockwise, starting from the one indicated
in orange, respectively (Figure 2d). An average value of (24( 1)�
was obtained. This value indicates that the facets on the elongated
THHAu-Pd core-shell nanocrystals are high-index {730} planes,
because the angle calculated according to {730} facets is 23.2�.
The atomic arrangement of Pd atoms on the facets of the

Au-Pd core-shell nanocrystals was further investigated with
HRTEM.The facets were seen to be composed of {210} and {310}
subfacets (Figure 2e). There are a number of atomic steps on the
facets. The core-shell structure was also elucidated unambiguously
by elemental mapping under HAADF-STEM. The THH Au nano-
crystal core was seen to be coated with a uniform thin Pd shell
(Figure 2f). The thinness and uniformity allow the Pd shell to
epitaxially inherit the high-index facets from theAunanocrystal core.
The preparation of TOHAu nanocrystals by reducingHAuCl4

with ascorbic acid in aqueous CTAC solutions has been de-
scribed before.22 The TOH Au nanocrystals in our study were
prepared using the seeded growth method, which affords high
size uniformity and controllability. CTAB-capped Au octahedra27,30

were utilized as the seeds. The average distance from one apex to
the opposite apex of the Au octahedra is 17 ( 1 nm (Figure S4,
Supporting Information). The distance from one apex to the
opposite apex of the resultant TOHAu nanocrystals is 67( 3 nm
(Figure 3a and b).HRTEM imaging on the individual nanocrystals

that are oriented along the [1-10] axis shows that they are
enclosed with high-index {221} facets (Figure 3c-e). Each {221}
facet is composed of {111} and {110} subfacets. These structural
observations are consistent with those reported previously.22

The heteroepitaxial growth of a Pd shell on the TOH Au
nanocrystals (Figure 4a) followed the same procedure as that on
the THH Au nanocrystals. The thickness of the Pd shell increased
as the supplied amount of the Pd precursor was increased (Figures
S5 and S6, Supporting Information). The average distance from
one apex to the opposite apex of the TOH Au-Pd core-shell
nanocrystals employed in the catalytic study was measured to be

Figure 2. Elongated THH Pd nanoshells. (a) Schematic showing the growth of THH Au-Pd core-shell nanocrystals from THH Au nanocrystals.
(b) SEM image. (c) TEM image. (d) TEM image of a single core-shell nanocrystal viewed along the [00-1] axis. Inset: Electron-diffraction pattern re-
corded on the nanocrystal. (e) Upper: HRTEM image of the region indicated with the orange box in (d). The image has been rotated counterclockwise,
with the length axis of the entire nanocrystal aligned horizontally. Lower: Atomicmodel corresponding to the region indicated with a box in theHRTEM
image. (f) Upper: HAADF-STEM image of a single core-shell nanocrystal. Lower: Elemental Au map (left), elemental Pd map (middle), and the
merged elemental map (right) acquired in the region indicated with a box in the HAADF-STEM image.

Figure 3. TOH Au nanocrystals. (a) SEM image. (b) TEM image.
(c) TEM image of a TOHAu nanocrystal viewed along the [1-10] axis.
(d) HRTEM image of the region indicated by the orange rectangle in (c).
(e) Two-dimensional lattice model illustrating the high-index (221)
facet. The model corresponds to the region indicated by the red rectangle
in (d).
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78( 5 nm(Figure 4b and c). The thickness of the Pd shell is there-
fore∼5 nm. When a TOH nanocrystal is aligned along the Æ110æ
axis, 10 out of the 24 facets face the viewing direction. Four facets
that are parallel to the viewing direction are projected to be straight
edges (Figure 4a). The indices of these 4 facets can be determined
bymeasuring the angles formed between them and the {001} planes
after the nanocrystal is aligned along the Æ110æ axis with the assis-
tance of electron diffraction (Figure 4d). The angles measured on
the shown TOH Au-Pd core-shell nanocrystal are 76�, 78�,
74�, and 73�, clockwise, starting from the one indicated in orange,
respectively (Figure 4d). The average value is (75( 2)�. This value
is close to the angle of 70.5� calculated according to the assumed
{221} facets.
The atomic arrangement on the nanocrystal facets was also

captured with HRTEM (Figure 4e). The facets were seen to be
composed of (110) and (111) subfacets. The geometrical angle
measurement results together with the HRTEM characteriza-
tions properly suggest that the facets on the TOHAu-Pd core-
shell nanocrystal are high-index {221} planes. Elemental map-
ping under HAADF-STEM imaging revealed the Au-Pd core-
shell structure and the presence of a thin Pd shell on the high-index
{221} facets (Figure 4f). The combination of all of the structural
characterizations unambiguously indicates that the high-index
{221} facets have been inherited by the Pd nanoshell from the
TOH Au nanocrystal core.
Catalytic Performance in the Suzuki Coupling Reaction.

The catalytic behaviors of bulk Pd surfaces and nearly spherical
Pd nanoparticles have been studied extensively. Among the diverse
catalytic reactions employing Pd-based catalysts, the Suzuki cou-
pling reaction has been recently widely used as a model reaction
to test the catalytic performance of Pd nanocrystals of various
shapes.31-33 In this reaction, phenylboronic acid is coupled with
iodobenzene to give biphenyl (Figure 5a). This reaction was also
selected in our study to investigate the catalytic behaviors of the
high-index-faceted Pd nanoshells and compare them with those of

low-index-faceted Pd nanocubes and Au-Pd core-shell nano-
cubes (Figure 5b and c). The use of Au-Pd core-shell nanocubes
was to investigate the possible effect of the Au nanocrystal core on
the catalytic performance.
The Pd nanocubes are enclosed with the {100} facets. They

have an average edge length of 33( 3 nm (Figure S7, Supporting
Information). The Au-Pd core-shell nanocubes have an aver-
age edge length of 47 ( 2 nm. Although their facets are slightly
nonflat, they should be very close to the {100} facets (Figure S8,
Supporting Information). The Suzuki coupling reaction was
carried out under the same conditions three times per catalyst

Figure 4. TOH Pd nanoshells. (a) Schematic showing the growth of TOH Au-Pd core-shell nanocrystals from TOH Au nanocrystals. (b) SEM
image. (c) TEM image. (d) TEM image of a single Au-Pd core-shell nanocrystal viewed along the [-110] axis. Inset: Electron-diffraction pattern
recorded on the nanocrystal. (e) Left: HRTEM image of the region indicated with a box in (d). Right: Atomic model corresponding to the region
indicated with a box in the HRTEM image. (f) HAADF-STEM image (top left), elemental Aumap (top right), elemental Pd map (bottom left), and the
merged elemental map (bottom right) acquired from a part of a TOH core-shell nanocrystal. The imaged region is similar to that shown in (d). The
right edge corresponds to a projected high-index facet.

Figure 5. Suzuki coupling reaction between phenylboronic acid and
iodobenzene. (a) Reaction equation. (b) Schematic showing the {730},
{221}, and {100} facets that catalyze the reaction. (c) Schematic
showing the reaction mechanism on the Pd surface.
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sample for the four types of Pd-containing nanocrystals. In addi-
tion, the coupling reaction was also performed in the presence
of the THH Au nanocrystals, the TOH Au nanocrystals, and
CTAB, respectively, or without the addition of any extra species.
No biphenyl was detected in the latter four reaction runs, which
indicates that Pd-containing nanocrystals are indispensable
for the coupling reaction to occur. The reaction yields after 1 h
of reaction for the four types of Pd-containing nanocrystals are
listed in Table 1. In the presence of the THH and TOH Pd nano-
shells, 94% and 96% of the iodobenzene reactant was converted
into biphenyl, respectively. In comparison, the reaction yields were
57% and 56% when the Pd and Au-Pd core-shell nanocubes
were used as the catalysts, respectively. The catalytic efficiencies of
the THH and TOHPd nanoshells are also higher than those of the
Pd nanospheres,31 nanorods,32 nanobranches,32 and icosahedra33

thatwere utilized previously for the same coupling reaction in terms
of the catalyst amount and the reaction time. In those reactions, the
molar ratios of the total Pd atoms to iodobenzene were 3%, 1.6%,
1.8%, and 1.7%, respectively, and the reaction time ranged from4 to
8 h to give reaction yields above 90%. In our experiment, the molar
ratio of the total metal atoms to iodobenzene in the reaction was
0.2% for both the THH and the TOH Au-Pd core-shell nano-
crystals. If only the Pd atoms are considered, the molar ratio of the
total Pd atom to iodobenzene is just 0.05%.
We further calculated the total numbers of the surface Pd atoms

of the four types of Pd-containing nanocrystals that were added in
the coupling reaction and determined the TONs per surface Pd
atom (Table 1). The calculation details are provided in the Support-
ing Information. The obtained TONs per surface Pd atom are
10.8, 11.9, 4.2, and 1.6 s-1 for the THH and TOH Pd nanoshells,
and the Pd and Au-Pd core-shell nanocubes, respectively. The
TONs of the high-index-faceted Pd nanoshells are 3-7 times those
of the low-index-faceted Pd and Au-Pd core-shell nanocubes.
Because these TONs have been normalized against the corre-
sponding numbers of the surface Pd atoms, the larger TONs
possessed by the Au-Pd core-shell nanocrystals suggest that the
high-index {730} and {221} facets exhibit higher catalytic activities
than the low-index {100} facets. The higher catalytic activities can
be ascribed to the presence of a large number of Pd atoms at steps
on the high-index facets. Three-sevenths and one-third of the Pd
atoms on the {730} and {221} facets are at steps, while there are no
Pd atoms at steps on the {100} facets (Figure 5b). The Pd atoms at
steps are more coordinatively unsaturated than those on the flat
terraces. They are therefore more catalytically active. In addition,
theTONper surfacePd atomof theAu-Pd core-shell nanocubes
is about one-half that of the Pd nanocubes. Whether this difference
is caused by the presence of the Au nanocrystal core or due to the
slightly nonflat facets warrants further investigation.

The morphologies and high-index facets of the THH and TOH
Pd nanoshells were maintained after one cycle of the catalytic
reaction, as revealed by HRTEM imaging (Figure 6). The recycl-
ing capabilities of these samples were also examined by taking out
the supernatant after the reaction and leaving the naturally precip-
itated nanocrystals for another cycle of the coupling reaction.
High product yields of 86% were still obtained for the second
cycle of the reaction.

’CONCLUSION

We have demonstrated the heteroepitaxial growth of the Pd
nanoshells on the high-index-faceted THH and TOH Au nano-
crystals. The {730} and {221} facets of the THH and TOH Au
nanocrystals are inherited by the grown Pd nanoshells. These
high-index-faceted Pd nanoshells have been found to exhibit
higher catalytic activities than Pd nanocubes that are enclosed
with the low-index {100} facets for the Suzuki coupling reaction.
The TONs per surface Pd atom of the Pd nanoshells are 3-7
times those of the Pd nanocubes. The higher catalytic performance
of the Pd nanoshells is attributed to the presence of a large number
of Pd atoms at steps on the high-index facets. The Pd atoms at
steps, more coordinatively unsaturated than those on flat terraces,
are more efficient in catalytically breaking the C-I bonds in the
Suzuki coupling reaction. Our approach of using preformed high-
index-faceted metal nanocrystals to heteroepitaxially direct the
growth of high-index-faceted metal nanoshells with high catalytic
activities points out a potential way for the design and preparation
of inexpensive and highly active metal nanocatalysts.

’ASSOCIATED CONTENT

bS Supporting Information. SEM and TEM images of the
THH and TOH Au nanocrystals, THH and TOH Au-Pd

Table 1. Reaction Yields and TONs per Surface Pd Atom of
the Pd-Containing Nanocrystal Catalysts

catalyst yield (%)

number of surface

Pd atoms TON (s-1)

THH Pd nanoshells 94( 1 4.38� 1015 10.8( 0.1

recycled THH Pd nanoshells 86 4.38� 1015 9.9

TOH Pd nanoshells 96( 5 4.03� 1015 11.9( 0.5

recycled TOH Pd nanoshells 86 4.03� 1015 10.7

Pd nanocubes 57( 7 6.92� 1015 4.2( 0.3

Au-Pd core-shell

nanocubes

56( 10 1.77� 1016 1.6( 0.2

Figure 6. Pd nanoshells after one cycle of the Suzuki coupling reaction.
(a) TEM image of a THH Au-Pd core-shell nanocrystal viewed along
the [00-1] axis. (b) HRTEM image of the region indicated with the box
in (a). The image has been rotated counterclockwise, with the length axis
of the entire nanocrystal aligned horizontally. (c) Two-dimensional lattice
model illustrating the high-index (730) facet. The model corresponds to
the region indicated by the box in (b). (d) TEM image of a TOHAu-Pd
core-shell nanocrystal viewed along the [1-10] axis. The inset shows the
electron-diffraction pattern recorded on the nanocrystal. (e) HRTEM
image of the region indicated by the orange rectangle in (d). (f) Two-di-
mensional latticemodel illustrating the high-index (221) facet. Themodel
corresponds to the region indicated by the red rectangle in (e).
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core-shell nanocrystals, octahedral Au nanocrystals, Pd nano-
cubes, and Au-Pd core-shell nanocubes, and the calculation
details of the total numbers of the surface Pd atoms of the four
types of Pd-containing nanocrystals that were added in the coupl-
ing reaction. This material is available free of charge via the
Internet at http://pubs.acs.org.
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