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ABSTRACT: This article describes a systematic study of the nucleation and growth of ‘
Ag (and Au) on Pd nanocrystal seeds. By carefully controlling the reaction kinetics, the

newly formed Ag atoms could be directed to selectively nucleate and then epitaxially grow

on a specific number (ranging from one to six) of the six faces on a cubic Pd seed, leading

to the formation of bimetallic nanocrystals with a variety of different structures. In j
addition to changing the injection rate of precursor, we also systematically investigated
other reaction parameters including the capping agent, reductant, and reaction
temperature. Our results suggest that the site-selective growth of Ag on cubic Pd seeds

could be readily realized by optimizing these reaction parameters. On the basis of the

positions of Pd seeds inside the bimetallic nanocrystals as revealed by TEM imaging and elemental mapping, we could identify
the exact growth pathways and achieve a clear and thorough understanding of the mechanisms. We have successfully applied the
same strategy based on kinetic control to cubic Pd seeds with different sizes and octahedral Pd seeds of one size to generate an
array of novel bimetallic nanocrystals with well-controlled structures. With cubic Pd seeds as an example, we have also extended
this strategy to the Pd—Au system. We believe this work will provide a promising route to the fabrication of bimetallic
nanocrystals with novel structures and properties for applications in plasmonics, catalysis, and other areas.

1. INTRODUCTION

Bimetallic nanocrystals have received considerable interest due
to their unique properties and potential applications.' ™ When
there is a strong electronic coupling between the two metals,
the bimetallic nanocrystals can exhibit greatly enhanced
catalytic,”~"? electronic,">'* optical,"> ™" and magnetic proper-
ties**?! relative to the monometallic components. As a result,
recent years have witnessed tremendous efforts devoted to the
design, synthesis, and utilization of bimetallic nanocrystals with
a variety of compositions, with notable examples including
combinations of noble metals such as Au, Ag, Pd, Pt, and
Rp,16-1822-33

Among different methods, seed-mediated growth has
emerged as one of the most effective routes to the synthesis
of bimetallic nanocrystals, by which the size, structure, and
morphology of resultant nanocrystals can all be tailored in a
more or less controllable fashion.**™* In general, seed-
mediated growth involves two major steps: (i) synthesis of
seeds with uniform and relatively small sizes and (ii)
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heterogeneous nucleation and growth of another metal on
the as-prepared seeds, leading to the formation of bimetallic
nanocrystals with desired properties to fit a specific application.
By controlling the reaction kinetics of seed-mediated growth,
the bimetallic nanocrystals have been successfully prepared with
a wide variety of structures.**”* However, it still remains a
challenge to control the growth mode and thus spatial
distribution of the second metal on the surface of a nanocrystal
seed. In our previous study, we have shown that three different
types of Pd—Ag bimetallic nanocrystals (those with Ag growing
on one, three adjacent, and six faces of a Pd seed) could be
obtained by manipulating the rate at which AgNOj; precursor
was introduced into a reaction system using a syringe pump.l

However, this method could only be used to manipulate the
reaction kinetics within a limited range, and it was very difficult
to obtain other structures with Ag growing on two, four, and
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five faces of a cubic Pd seed. In addition to the injection rate,
other parameters such as the capping agent, reductant, and
reaction temperature may also influence the reaction kinetics
and thus affect the structures of resultant nanocrystals.

Herein, we report a systematic study of the growth mode of
Ag on Pd nanocrystal seeds in an effort to control the structures
of the resultant Pd—Ag bimetallic nanocrystals. In addition to
controlling the rate at which AgNO; was injected with a syringe
pump, we have also systematically evaluated the effects of other
reaction parameters such as capping agent, reductant, and
reaction temperature. By carefully controlling all these four
different parameters, we could deposit Ag on any number
(from one to six) of the faces of a cubic Pd seed, leading to the
formation of Pd—Ag bimetallic nanocrystals with various novel
structures. On the basis of a careful analysis of their TEM
images, we also obtained a clear understanding of the spatial
distributions of the elements in the resultant bimetallic
nanocrystals. Significantly, we were able to identify the growth
mode of Ag on Pd seeds according to the positions of the Pd
seeds (where Moiré fringes>® are formed) inside the bimetallic
nanocrystals. Furthermore, we also investigated the growth of
Ag on other types of Pd seeds, including Pd nanocubes with
different sizes and octahedrons of one size. As expected, Ag
could also grow on a few or all the faces on these Pd
nanocrystal seeds, depending on the reaction conditions
involved. These results confirm that the structures of the
resultant bimetallic nanocrystals could be conveniently
manipulated by controlling the reaction conditions, not only
for seeds enclosed by {100} facets but also for those enclosed
by {111} facets. In addition, the successful extension of this
approach to the Pd—Au system to obtain similarly controllable
nanostructures demonstrates its general applicability for the
fabrication of bimetallic materials other than Pd—Ag. We
believe this work would provide plenty of inspiration and
strategies for the fabrication of novel bimetallic materials with
well-defined and controllable structures and morphologies for a
variety of applications.

2. EXPERIMENTAL SECTION

Chemicals and Materials. Silver nitrate (AgNO;), gold(III)
chloride hydrate (HAuCl,H,0), sodium tetrachloropalladate(II)
(Na,PdCl,), potassium bromide (KBr), poly(vinyl pyrrolidone)
(PVP55 with M, ~ 55,000 and PVP10 with M,, ~ 10,000), L-ascorbic
acid (AA), hydrazine (N,H,), and sodium hydroxide (NaOH) were all
obtained from Sigma-Aldrich. Formaldehyde (HCHO, 37 wt % in
H,0, stabilized with 10—15% methanol) was purchased from Fisher
Scientific. Potassium chloride (KCl) was purchased from J.T. Baker.
All chemicals were used as received. Deionized water with a resistivity
of 18.2 MQ-cm was used for the preparation of all aqueous solutions.

Synthesis of Pd Nanocubes of 18, 10, and 6 nm in Edge
Length. These nanocrystals were prepared by adding an aqueous
Na,PdCl, solution into a mixture of AA, PVP, KBr, and KCl aqueous
solutions according to our previous report.*’ In a typical synthesis, 8.0
mL of an aqueous solution containing 105 mg of PVPSS, 60 mg of AA,
and different amounts of KBr and KCl was added to a vial and
preheated to 80 °C in air under vigorous magnetic stirring for 10 min.
Subsequently, 3.0 mL of an aqueous solution containing 57 mg of
Na,PdCl, was injected with a pipet. The reaction lasted for 3 h. The
size of Pd nanocubes was controlled by varying the amounts of KBr
and KCl, resulting in the formation of Pd nanocubes about 18, 10, and
6 nm in edge length, respectively. The obtained Pd nanocubes were
collected by centrifugation, washed three times with deionized water
to remove excess PVP and bromide ions, and redispersed in 11 mL of
water. TEM images of these Pd nanocubes with different sizes are
shown in Figure S1 of the Supporting Information [SI]. Some of the

nanocubes were slightly elongated, with an average aspect ratio of 1.2.
Since all six faces of the elongated cubes were enclosed by {100}
facets, we called the samples “nanocubes” for simplicity.

Synthesis of Pd Octahedrons of 33 nm in Edge Length. Pd
octahedrons were prepared by adding 3 mL of an aqueous Na,PdCI,
solution (9.5 mg/mL) into 8 mL of an aqueous solution containing
105 mg of PVPSS, 0.1 mL of HCHO, and 0.3 mL of the 18-nm Pd
nanocubes at 60 °C under magnetic stirring.52 The vial was removed
from the oil bath 3 h later. After collection by centrifugation and
washing three times with water, the product was redispersed in 11 mL
of water.

Synthesis of Pd—Ag Bimetallic Nanocrystals with Controlled
Structures. Typically, 4.6 mL of an aqueous solution containing the
as-prepared 18-nm Pd nanocubes (0.35 mM in terms of elemental Pd),
AA (5.7 mM), PVP (PVP10 or PVPSS), and NaOH at specific
concentrations was added to a 20-mL vial. The mixture was held at a
designated temperature for 20 min under magnetic stirring. Mean-
while, 1.1 mL of an aqueous AgNO; solution (3.6 mM) was freshly
prepared at room temperature and injected into the vial at a controlled
rate. In all these cases, the solution was stirred for another 2 min after
injection to allow the reaction to complete. The product was collected
by centrifugation at 12,000 rpm for 15 min and washed with water
three times. Table 1 shows the exact values for the concentration and

Table 1. Reaction Conditions for the Synthesis of Pd—Ag
Bimetallic Nanocrystals with Different Structures When 18-
nm Pd Cubes Were Used As the Seeds

capping [PVP]® [NaOH] Rygno,” T results
N* agent (mM) (mM) (mL/h) (°Cc) (Figure)
PVP10 156.7 0 1.0 0 1A, 6D
2 PVP10 156.7 0 1.0 20 6E
PVP10 156.7 0 30 20 1B, 6A
3 PVP10 156.7 34 30 20 6B
PVP10 156.7 0 1.0 60 1C, 6F
PVP10 156.7 34 one-shot 60 SA
4 PVP10 156.7 5.7 30 20 6C
PVP10 39.2 34 one-shot 60 1D, 5B
S PVP10 274 34 one-shot 60 1E, 5C
6 PVP10 19.6 3.4 one-shot 60 1F, 5D
PVPSS 392 34 one-shot 60 S6 (SI)

“N: number of faces for Ag to grow on a Pd cube. The concentration
of PVP was calculated in terms of the repeating unit with a molecular
weight of 111 g/mol. “Injection rate of AgNO;.

molecular weight of PVP, the concentration of NaOH, the injection
rate for AgNO; solution, and the reaction temperature associated with
each synthesis.

For the growth of Ag on 10- and 6-nm Pd nanocubes and 33-nm Pd
octahedrons, we used the same procedure as described for the 18-nm
Pd nanocubes. The detailed experimental conditions can be found in
Table 2 and SI, Table S1.

Table 2. Reaction Conditions for the Synthesis of Pd—Ag
Bimetallic Nanocrystals with Different Structures When 33-
nm Pd Octahedrons Were Used As the Seeds

capping  [PVP] b [NaOH] Rugno, © T results
N¢ agent (mM) (mM) (mL/h) (°C)  (Figure)
1-2 PVP10 19.6 0 1.5 0 7B
4-5 PVP10 19.6 3.4 30 20 7C
8 PVPSS 2.0 5.7 one-shot 60 7D

“N: number of faces for Ag to grow on a Pd octahedron. *The
concentration of PVP was calculated in terms of the repeating unit
with a molecular weight of 111 g/mol. “Injection rate of AgNO;.
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Synthesis of Pd—Au Bimetallic Nanocrystals with Controlled
Structures. Typically, 4.6 mL of an aqueous solution containing the
as-prepared 18-nm Pd nanocubes (0.35 mM in terms of elemental Pd),
AA (5.7 mM), KBr (43.5 uM), and PVPSS5 (3.9 mM) was added to a
20 mL vial. The mixture was held at room temperature for 20 min
under magnetic stirring. Meanwhile, a 0.6 mM aqueous HAuCl,
solution was prepared at room temperature. For the synthesis of
Pd—Au hybrid dimers and eccentric nanocrystals, the aqueous HAuCl,
solution was injected into the vials using a syringe pump at rates of 0.5
mL/h and 5.0 mL/h, respectively. For the synthesis of Pd@Au core—
shell nanocrystals, a specific amount of the aqueous HAuCl, solution
was quickly added into the vial using a pipet. In all cases, the solution
was maintained with stirring for another 2 min after injection to allow
the reaction to complete. The product was collected by centrifugation
at 12,000 rpm for 15 min and washed with water three times.

Instrumentation. Transmission electron microscopy (TEM)
images were taken using a Tecnai G2 Spirit Twin microscope (FEI,
Hillsboro, OR), an HT7700 microscope (Hitachi, Tokyo, Japan), or a
JEM-1400 microscope (JEOL, Tokyo, Japan). All the microscopes
were operated at 120 kV. High-resolution TEM (HRTEM), scanning
TEM, energy dispersive X-ray (EDX) mapping, and EDX analyses
were performed using a JEOL 2100F microscope operated at 200 kV.
The concentration of elemental Pd was determined using a Perkin-
Elmer Elan DRC II inductively coupled plasma mass spectrometry
(ICP-MS). The samples for ICP-MS were prepared by dissolving 10
uL of the suspension of Pd nanocrystals with 30 uL of concentrated
HNO;. The resultant solution was further diluted to a level of 100 ppb
for ICP-MS analysis. Extinction spectra of all the Pd—Ag nanocrystals
were recorded using a UV—vis spectrometer (Varian, Cary 50).

3. RESULTS AND DISCUSSION

Structural Analysis of Pd—Ag Bimetallic Nanocrystals
with Ag Grown on Different Numbers of Faces of a Pd
Cube. We chose Pd nanocubes (18 nm in size, shown in SI,
Figure S1) as the seeds because this type of nanostructure
provides a model system with six {100} faces on the surface.
Each one of these faces could act as a nucleation site for the
newly formed Ag atoms. We conducted the seed-mediated
growth by using a syringe pump to inject an aqueous AgNOj;
solution into a system containing the Pd seeds, AA, and PVP.
By adjusting the injection rate and other reaction parameters,
such as the capping agent, reductant, and reaction temperature
(see Table 1 for details), we were able to precisely control the
growth mode of Ag on Pd in terms of how many faces of a
cubic Pd seed were involved in the nucleation and growth of
Ag. The structures of resultant Pd—Ag bimetallic nanocrystals
and spatial distributions of their elements were determined by
TEM. Figure 1, A—F, shows representative TEM images of the
six distinct types of Pd—Ag bimetallic nanocrystals with Ag
being selectively deposited on one, two adjacent, three adjacent,
four, five, and six faces of a cubic Pd seed, respectivley. When
Pd cubes of 10 and 6 nm in edge length were employed as the
seeds, similar structures were also observed, as shown in SI,
Figure S2.

Due to the existence of a misfit between the crystal lattices of
Ag and Pd, alternative dark and bright patterns (known as
Moiré fringes) were clearly observed in the region where Pd
and Ag overlapped. These fringes serve as an obvious mark for
pinpointing the position of Pd seed in a bimetallic nanocrystal.
Consequently, the growth mode of Ag on Pd seeds could be
classified according to the positions of Pd seeds in the
bimetallic nanocrystals. For example, when Ag atoms grew from
three adjacent faces of a Pd seed, Moiré fringes would only be
observed at one of the corners of a bimetallic nanocrystal (see
the inset of Figure 1C). When Ag atoms grew on one, two,
four, and five faces, we had to consider different orientations of

Figure 1. TEM images of six different types of Pd—Ag bimetallic
nanocrystals obtained from the seed-mediated growth of Ag on 18-nm
Pd cubes under various conditions specified in Table 1. The deposition
of Ag was confined to (A) one, (B) two, (C) three, (D) four, (E) five,
and (F) six faces of a cubic Pd seed. The scale bar in the inset of (F) is
10 nm and applies to all other insets.

the bimetallic nanocrystals relative to the electron beam during
TEM imaging. Figure 2 shows a schematic that illustrates all
major growth modes we have observed for the Pd—Ag system,
together with the corresponding TEM images viewed along
different directions. By carefully analyzing a large number of
particles in the TEM image of a sample, we were able to
identify the exact growth pathway.

When Ag was grown on three adjacent faces of a cubic Pd
seed to yield a nonconcentric Pd—Ag cube or all six faces to
form a concentric PdA@Ag core—shell cube, the products only
gave one projected structure, regardless of their orientations
relative to the electron beam. In the former case, the Pd seed
occupied one of the corners of a nonconcentric cube.
Therefore, only this corner displayed Moiré fringes over the
area corresponding to the Pd seed (Figure 2, III-A). For the
latter case, the Pd seed was located in the center of a bimetallic
nanocrystal, where Moiré fringes were observed (Figure 2, VI-
A).

For Pd—Ag dimers with Ag grown on only one of the six
faces of a cubic Pd seed, there were two different structures
observed under TEM. When the Pd—Ag interface was parallel
to the electron beam, the Pd seed was located on one side of
the hybrid structure while the Ag portion was located on the
other side. No Moiré fringes would be observed, as shown in
Figure 2, I-A (viewing along the I-A direction). When the Pd—
Ag interface was perpendicular to the electron beam, Moiré
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Figure 2. Schematic illustration showing the growth Ag on different numbers of the faces of a cubic Pd seed and their corresponding TEM images
viewed along different directions. The possible viewing directions are marked in the 3D models and are also shown on the upper-left corner of each
TEM image. The white lines in the TEM images roughly indicate the position of the cubic Pd seeds. The scale bar applies to all the TEM images.
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Figure 3. Structural analysis of a Pd—Ag bimetallic nanocrystal with the Pd cube located close to one of the six faces. (A) HRTEM image, (B) SAED
pattern, (C) EDX mapping image, and (D) EDX pattern of this particle. For HRTEM image, the white lines roughly indicate the boundary between
the Ag portion and the Pd seed. For EDX mapping, Pd atoms are shown in green, while Ag atoms are shown in orange.

fringes were observed to cover the entire particle, as shown in depending on the viewing directions (see Figure 2 for a detailed
analysis).

We further characterized the sample in Figure 1E using
when Ag was grown on two, four, or five faces of a cubic Pd HRTEM and EDX microanalysis. Figure 3A shows a typical

seed, the TEM images could show two distinct structures, HRTEM image of an individual particle along the [001] zone

Figure 2, I-B (viewing along the I-B direction). Similarly,
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axis. It was found that the lattice fringes were coherently
extended from the Pd core to the Ag portion, suggesting an
epitaxial relationship between these two metals. The {200}
fringes in the Pd and Ag regions showed periods of 1.9 and 2.0
A, respectively, consistent with the face-centered cubic (fec) Pd
and Ag. The selected area electron diffraction (SAED) pattern
recorded from the particle also showed a single-crystal structure
for both Pd and Ag components, as shown in Figure 3B. Minor
splitting could be observed for each diffraction spot due to the
relatively large mismatch (4.5%) in lattice constant between
these two metals. The distributions of Pd and Ag were clearly
resolved by EDX elemental mapping (Figure 3C), supporting
the formation of Pd—Ag bimetallic nanocrystals with Ag grown
on five of the six faces of a cubic Pd seed. The corresponding
EDX spectrum (Figure 3D) also supported our analysis. It
should be pointed out that the positions of the Pd seeds could
be difficult to resolve in some of the Pd—Ag bimetallic
nanocrystals. In order to obtain a better understanding of their
structures as well as the growth modes, we have extensively
characterized three representative Pd—Ag bimetallic nanocryst-
als with Ag epitaxially grown on one, three adjacent, and five
faces of the Pd seeds by recording TEM images at different tilt
angles (SI, Figures S3 and S4). Depending on the orientations
of the Pd—Ag bimetallic nanocrystals, the Pd seeds could only
be identified at certain tilt angles when the Moiré fringes were
clearly observed due to the low contrast between Pd and Ag
components. These results also suggest that the products of a
synthesis were dominated by Pd—Ag bimetallic nanocrystals
evolving through one specific growth pathway.

It is worth pointing out that, besides the structures shown in
Figure 2, other structures might be obtained when Ag was
grown on two, three, or four of the six faces of a cubic Pd seed.
For example, Ag might grow on two opposite faces, two
opposite faces and one other face, or two pairs of opposite faces
of a cubic Pd seed (see SI, Figure SS). In reality, these growth
modes were rarely observed in the Pd—Ag system. The exact
reason is still not clear at the moment, but it might be related to
the collision pattern of the Ag atoms with a Pd seed, as well as
the surface diffusion of Ag adatoms.>> ™%

Formation Mechanisms of the Pd—Ag Bimetallic
Nanocrystals with Different Structures. We believe the
collision of newly formed Ag atoms with a Pd surface is mainly
responsible for the deposition of Ag on selected faces of the Pd
seeds and thus the formation of Pd—Ag bimetallic nanocrystals
with different structures. Faster reduction of Ag precursor
would generate a larger number of Ag atoms at any moment to
interact with the Pd surface during the nucleation stage, thus
promoting the collision of Ag atoms with a larger number of Pd
faces to form active growth sites. Once the growth sites are
formed, the subsequently formed Ag atoms preferred to deposit
on these sites, rather than forming new sites on other faces due
to the relatively large lattice mismatch between Pd and Ag. As a
result, the formation of active growth sites on selected Pd faces
during the nucleation stage plays a critical role in determining
the deposition of Ag atoms and thus the growth mode.
Significantly, the initial collision and nucleation can be
manipulated by controlling the reaction kinetics.'® Besides
the pattern of collision, surface diffusion of Ag adatoms might
also contribute to the formation of active growth sites.
Although deposition of Ag atoms on the edges or vertices of
a Pd seed is also possible, the deposited Ag atoms could rapidly
diffuse to adjacent faces in an effort to reduce the surface
energy. In a sense, the formation of Pd—Ag bimetallic

nanocrystals with Ag selectively grown on two or three faces
of the Pd seeds was probably caused by the diffusion of Ag
atoms from one edge or vertex to two or three adjacent faces,
thus generating active growth sites on these faces to direct the
subsequent deposition and growth of Ag. The Ag adatoms also
have the possibility to diffuse from one face to adjacent faces,
but it should be much more difficult than the “edge-to-face” or
“vertex-to-face” diffusion paths owing to the relatively large
energy barrier involved.

Optical Properties of the Pd—Ag Bimetallic Nano-
crystals. Figure 4 shows the extinction spectra recorded from
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Figure 4. Extinction spectra of the as-obtained Pd—Ag bimetallic
nanocrystals with Ag growing on different numbers of the faces of a
cubic Pd seed. The major LSPR peak blue-shifted along with the
increase in the number of faces involved in the growth.

aqueous suspensions of the as-prepared Pd—Ag bimetallic
nanocrystals with Ag grown on different numbers of faces of
cubic Pd seeds. For the Pd—Ag dimeric nanocrystals where Ag
only grew on one of the six faces of a Pd seed, the major
localized surface plasmon resonance (LSPR) peak was located
at 421 nm. For those with Ag deposited on two, three, four, and
five faces, the LSPR peaks increasingly blue-shifted to the
region between 415 and 400 nm along with an increase in the
number of faces being covered by Ag. For the Pd@Ag
concentric core—shell nanocrystals where Ag was deposited on
all the six faces, the peak appeared at an even shorter
wavelength of ~375 nm. In principle, the size (or volume) of
the Ag component, the geometric shape of the Ag component,
and the electron transfer between the Pd and Ag components
could all affect the LSPR properties of the Pd—Ag bimetallic
nanocrystals. Our analysis suggested that the electron transfer
between the Pd and Ag components was mainly responsible for
the continuous blue shift, in which the electron density of the
Ag component was increased due to electron transfer from Pd
to Ag because Pd is more electronegative than Ag and has
higher red/ox potential (The reduction potential of Pd**/Pd is
0.91 V versus RHE, while that of Ag*/Ag is 0.80 V versus
RHE).>*®! More electrons would be transferred from Pd to Ag
when more faces of the Pd seed were covered by Ag, leading to
a more significant blue-shift for the LSPR peak. Interestingly,
the shoulder peak at ~350 nm that has been proven to
originate from the Pd—Ag interface'® did not show any
apparent shift in peak position, whereas its intensity increased
along with the increase in the number of faces involved in
growth.

dx.doi.org/10.1021/ja305329g | J. Am. Chem. Soc. 2012, 134, 15822—15831
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The Effect of Capping Agent on the Growth Mode of
Ag. To screen the conditions under which various types of
Pd—Ag bimetallic nanocrystals were obtained, we systematically
studied the effects of different reaction parameters on the
growth mode of Ag on Pd seeds. We initially focused on the
capping agent, with regard to the concentration and molecular
weight of PVP. To this end, we conducted experiments with Pd
nanocubes of 18 nm in edge length as the seeds and PVP10 of
various molar concentrations as the capping agent. Here the
concentration of PVP was calculated in terms of the repeating
unit of PVP with a molecular weight of 111 g/mol. The
concentration of PVP10 in the solution was first set to 156.7
mM. After deposition of Ag, we found that the Pd cubes were
mainly located at the corners of resultant particles (see Figure
SA), indicating the formation of Pd—Ag bimetallic nanocrystals
with Ag grown on three adjacent faces of the Pd seed. Reducing
the amount of PVP10 to 39.2, 27.4, and 19.6 mM caused the
Ag to grow on four, five, and six faces of the Pd seed,
respectively, as shown in B—D of Figure 5. We believe that
when the concentration of PVP was reduced, the coverage
density of PVP chains on the surfaces of the Pd seeds or the
growing Pd—Ag bimetallic nanocrystals would drop.®> This
would increase the probability for the newly formed Ag atoms
to collide with a larger number of Pd faces, leading to the
formation of Pd—Ag bimetallic nanocrystals with Ag growing
on more faces of a seed. At the same time, more noncubic Pd—
Ag bimetallic nanocrystals would form as the concentration of
PVP was reduced. By carefully analyzing their structures, we
found that these noncubic nanocrystals were still formed
through a mechanism or growth mode similar to that of the
cubic Pd—Ag nanocrystals. As the size of the Ag components
increased and the concentration of PVP in the solution was
reduced during a synthesis, the capping efficiency of PVP for
the Ag(100) surface of the Pd—Ag nanocrystals would drop,
resulting in the formation of noncubic Pd—Ag bimetallic
nanocrystals.”> In addition, the increase in surface energy as
induced by strain due to the relatively large mismatch in lattice
constant between Pd and Ag might also contribute to the
formation of a noncubic shape.

We also investigated the effect of molecular weight of PVP
on the growth mode of Ag. The experiment was conducted by
simply changing PVP10 to PVPSS and keeping other
conditions the same. The concentration of PVP55 was also
set to 39.2 mM in terms of repeating unit, just the same as that
of PVP10 used for the sample shown in Figure 5B. In
comparison with PVP10, PVPSS tended to generate Pd—Ag
bimetallic nanocrystals with Ag grown on more (in this case,
six) faces of the seed (SI, Figure S6). This difference might be
caused by the larger size and thus stronger steric effect of
PVP5S that made the formation of Ag*-PVP55 complex more
difficult than that of Ag*-PVPlO.62 In this case, Ag preferred to
nucleate and grow on more faces of the Pd seed.

The Effect of Reductant. We also investigated the role of
reductant in the formation of Pd—Ag bimetallic nanocrystals. It
was reported that the reducing power of AA was dependent on
the pH value and would be enhanced with the introduction of
more NaOH.® As such, we could manipulate the reaction
kinetics by varying the concentration of NaOH in an effort to
generate different types of Pd—Ag bimetallic nanocrystals.
Figure 6, A—C, shows the outcomes for the reaction conditions
summarized in Table 1. In the absence of NaOH, the products
were dominated by nanocrystals with Ag grown on two faces of
a Pd seed (Figure 6A). At a relatively low concentration of

Figure 5. TEM images of Pd—Ag bimetallic nanocrystals grown from
18-nm Pd nanocubes in the presence of (A) 156.7, (B) 39.2, (C) 27.4,
and (D) 19.6 mM PVPI0 as the capping agent. The insets show the
corresponding 3D model for each type of the product.

NaOH (3.4 mM), we observed Ag grown on three faces of the
Pd seed (Figure 6B). At a relatively high concentration of
NaOH (5.7 mM), Ag preferred to grow on four faces of the Pd
seed (Figure 6C). The structures observed correlated well with
the reaction kinetics. As expected, a relatively low concentration
of NaOH corresponded to slow reduction from Ag* to Ag’,
which only produced a small quantity of Ag atoms in the
solution. The scarce supply of Ag atoms would promote growth
of Ag on only a few faces of the Pd seed. In contrast, the high
concentration of NaOH made AA a rather strong reducing
agent, greatly accelerating the reaction and shifting the growth
toward a more isotropic mode. As a result, Ag tended to grow
on more faces of the Pd seed.

To confirm the role played by the reductant in controlling
the growth mode for Ag and thus the structure of resultant Pd—
Ag bimetallic nanocrystals, we also conducted two experiments
by replacing AA with a weaker reductant (formaldehyde) and a
stronger reductant (hydrazine).64 Other reaction conditions
such as the capping agent (156.7 mM of PVP10), and the
concentration of NaOH (0 mM), the injection rate (30 mL/h)
for AgNOj solution, and the reaction temperature were all kept
the same as those used for the sample shown in Figure 1B. As
expected, the products showed completely different structures
compared with that when AA was used as the reductant (in this
case, Ag grew on two faces of a Pd seed, see Figure 1B);
formaldehyde favored the deposition of Ag on only one of the
faces of a Pd seed (SI, Figure S7A), while hydrazine led to the
deposition of Ag on all six faces (SI, Figure S7B). The
difference in structure is believed to arise from the difference in
reaction kinetics associated with the reducing agents.

The Effect of Reaction Temperature. Besides control of
the capping agent and the reductant, we also tried to modulate
the reaction kinetics by tuning the reaction temperature. The
results are shown in Figure 6, D—F. It was found that Ag mainly
grew on only one face of the Pd seed when the reaction was
performed in an ice-bath (Figure 6D). When the reaction
temperature increased to room temperature and 60 °C, Ag
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nanocrystals with Ag growing on four or five faces of the seed
(Figure 7C). The third set of experiments was designed to
boost the reaction rate up to a relatively high level. As expected,
Pd@Ag core—shell nanocrystals with Ag growing on all the
eight faces of an octahedral Pd seed were obtained (Figure 7D).
It can be concluded that the reactions conducted at a faster
reduction of the Ag precursor would favor the nucleation and
growth of Ag on more faces of a Pd seed. These results
confirmed that the strategy based on kinetic control could be
extended to seeds with different shapes.

Figure 6. TEM images of Pd—Ag bimetallic nanocrystals grown from
18-nm Pd nanocubes under different conditions. For (A—C), the
syntheses were conducted in the presence of (A) 0, (B) 3.4, and (C)
5.7 mM NaOH, respectively, at room temperature. For (D—F), the
syntheses were conducted in the absence of NaOH at (D) 0 °C (in an
ice-bath), (E) 20 °C (room temperature), and (F) 60 °C, respectively.
The inset shows the corresponding 3D model for each type of
structure.

preferred to grow on two and three faces of the Pd seed,
respectively (Figure 6, E and F). In general, the increase of
reaction temperature would effectively accelerate the reduction
from Ag" to AgO, leading to the increase of the concentration of
Ag atoms in the solution and thus the enhancement of collision
frequency of the Pd seed with Ag atoms. As such, it is not
difficult to understand that reaction at an elevated temperature
would facilitate nucleation and growth of Ag on more faces of a
Pd seed.

Use of Pd Octahedrons as the Seeds. We then extended
this approach to controlling the structure of Pd—Ag bimetallic
nanocrystals involving Pd octahedrons enclosed by {111} facets
as the seeds. Figure 7A shows a TEM image of the as-prepared
octahedral Pd seeds with an edge length around 33 nm.
Although the facets of Pd octahedrons are completely different
from those of Pd cubes, it was still feasible to control the
growth mode and thus spatial distribution of Ag on an
octahedral Pd seed. We conducted the growth under three
distinct sets of parameters, as shown in Table 2. The first set of
experiments was to control the reaction at a slow rate. In this
case, we obtained Pd—Ag dimeric nanocrystals with Ag growing
on only one or two {111} faces of the octahedral Pd seed
(Figure 7B). The second set of experiments was expected to
speed up the reaction, which produced Pd—Ag nonconcentric

— 50 nm

Figure 7. TEM images of (A) 33-nm octahedral Pd seeds and (B—D)
Pd—Ag bimetallic nanocrystals grown from the octahedral seeds under
different conditions specified in Table 2. The scale bar in the inset of
(D) indicates 20 nm and applies to all other insets.

Control of the Growth Mode of Au on Pd Cubes. In a
preliminary study, we also extended this synthetic approach to
other bimetallic systems such as Pd—Au to demonstrate its
versatility in controlling the structural evolution of a seed-
mediated growth process. The experiments were conducted at
room temperature with 18-nm Pd cubes as the seeds to direct
the growth of Au in the presence of PVPSS as a capping agent,
AA as a reductant, and HAuCl, as a precursor. By manipulating
the rate at which the HAuCl, precursor was introduced, the
resultant Au atoms could also be directed to deposit on one,
three (approximately), and six faces of a cubic Pd seed,
generating Pd—Au hybrid dimers (Figure 8, A—C), Pd—Au
nonconcentric nanocrystals (Figure 8, D—F), and Pd@Au
core—shell nanocrystals (Figure 8, G—I), respectively. This set
of experiments clearly demonstrated that it was the reaction
kinetics rather than the specific combination of metals that was
responsible for the site-selective deposition, suggesting that the
kinetic control could be extended to other combinations of
metals as well. Interestingly, besides the common growth
modes schematically illustrated in Figure 2, we also observed
other modes (like those shown in SI, Figure SS) in the Pd—Au
system. The corresponding TEM images are shown in SI,
Figure S8. In these cases, the Au atoms could nucleate and then
grow on one or two pairs of opposite faces of a cubic Pd seed
other than on adjacent faces. These new growth modes were
hardly observed in the Pd—Ag system. This difference might be
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Figure 8. Three different types of Pd—Au bimetallic nanocrystals obtained by controlling the injection rate of HAuCl, into cubic Pd seeds. (A—C)
TEM images of Pd—Au dimers obtained by injecting the HAuCl, solution at 0.5 mL/h, and the total volumes of added HAuCl, solution were: (A)
0.7, (B) 1.4, and (C) 2.5 mL. (D—F) TEM images of Pd—Au eccentric nanocrystals obtained by injecting the HAuCl, solution at 5.0 mL/h, and the
total volumes of added HAuCl, solution were: (D) 0.8, (E) 2.0, and (F) 3.4 mL. (G—I) TEM images of Pd@Au core—shell nanocrystals obtained by
adding all of the HAuCl, solution at one shot with a pipet, and the total volumes of added HAuCl, solution were: (G) 1.3, (H) 2.8, and (I) 4.5 mL.

The scale bar in the inset of (I) is 10 nm and applies to all other insets.

caused by the slow mobility of Au atoms relative to Ag atoms,
which could prevent the Au atoms randomly nucleated on
different faces of a Pd seed in the early stagy from migrating to
other faces. As such, it is not difficult to understand that Au
atoms could be deposited on any combination of faces on the
surface of a Pd seed (not just the adjacent faces but also faces in
opposite positions), providing more variations in growth mode
relative to the Pd—Ag system. It is worth pointing out that, for
all cases, the Pd seeds retained their original size and shape,
indicating that they were intact during the overgrowth of Ag or
Au.

4. CONCLUSION

In summary, we have systematically studied the nucleation and
growth of Ag and Au on Pd nanocrystals to generate bimetallic
nanocrystals with well-defined and controllable structures. By
controlling the reaction kinetics, Ag could be directed to
selectively nucleate and then grow on any number of faces of a
cubic Pd seed, ranging from only one face to generate Pd—Ag
hybrid dimeric structures to as many as all six faces to form
Pd@Ag concentric core—shell nanocrystals. On the basis of the
positions of the Pd seeds (where Moiré fringes appeared) and
their TEM images projected along different directions, it was
teasible to identify the growth modes for the different bimetallic
nanocrystals. In addition to the injection rate of the AgNO;
precursor that has been reported previously, other reaction
conditions including the concentration and molecular weight of

the PVP capping agent, pH value, reducing agent, and reaction
temperature all contributed to the reaction kinetics. We thus
systematically investigated their effects on the growth mode of
Ag on Pd. It was demonstrated that Ag would grow on more
faces of a Pd seed under the circumstances of a lower
concentration and higher molecular weight of PVP, a stronger
reductant, and higher temperature, indicating that faster
reaction rate would be beneficial for Ag to grow on more
faces of the seed. By conducting selective growth of Ag on
octahedral Pd seeds, we proved that the control of reaction
kinetics could be applied not only to seeds enclosed by {100}
facets but also to seeds enclosed by {111} facets. We further
extended this approach to the Pd—Au system.

This work provides a versatile approach to the fabrication of
bimetallic nanocrystals with well-controlled spatial distributions
for the constituent elements. The new types of bimetallic
nanocrystals are attractive for applications in photonics as they
displayed tunable LSPR properties. We also believe that this
strategy for engineering the spatial distributions of elements in
a bimetallic nanocrystal offers a novel and reliable approach to
the fabrication of plasmonic nanostructures with enhanced
sensing and surface-enhanced Raman scattering (SERS)
capabilities. In addition, these novel bimetallic nanocrystals
might find use in catalysis due to the well-controlled spatial
distributions of different elements.
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nm in edge length; a schematic illustration of other possible
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