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Bimetallic nanocrystals are often advantageous over single-
component systems for a range of fundamental studies and
applications because the associated variations in composi-
tions and spatial distributions provide additional handles for
experimentally maneuvering both the structures and proper-
ties.[1–3] For example, a bimetallic system may exhibit either
localized surface plasmon resonance (LSPR) or catalytic
properties different from each one of the constituent metals
depending on the electronic coupling between the two
metals.[4–9] Up till now, a number of noble metals, such as
Au, Ag, Pd, Pt, and Rh have been combined to generate
bimetallic nanocrystals with tunable and enhanced proper-
ties.[1–8,10–13] With regard to the spatial distributions of
elements in a bimetallic system, three patterns have been
observed and exploited: 1) homogeneously distributed as in
an alloy or intermetallic compound;[5, 6] 2) separated into two
concentric layers as in a core-shell structure;[2,7, 10–12] and
3) separated into two side-by-side regions as in a dimeric
structure.[3, 8,12]

Seed-mediated growth is probably the most powerful
route to bimetallic nanocrystals, where pre-formed seeds of
one metal serve as the sites of nucleation and then growth for
another metal. It has been observed that the nucleation and
growth mode of the second metal are governed by a number
of physical parameters, including the (mis)match of lattice
structures and constants, the correlation of surface and

interface energies, and difference in electronegativity
between the two metals.[5, 11] For two given metals, these
parameters would direct the heterogeneous nucleation and
growth on a seed to follow a conformal or site-selective mode,
generating a core–shell or hybrid structure. Although a recent
study from our group demonstrates that these two types of
bimetallic structures can both be produced with good yields in
the Pd–Au system by judicially choosing a reducing agent,[12]

it remains a grand challenge to spatially control the sites
involved in nucleation, especially for nanocrystal seeds
enclosed by a set of equivalent faces.

We suspect that the nucleation and growth of a nanocrystal
seed is highly sensitive to the rate at which the atoms to be
deposited are generated from a precursor. This rate can be
manipulated using at least three different strategies: 1) var-
iation of the reductant and/or precursor; 2) tuning of the
reaction temperature; and 3) control of precursor concen-
tration. The last approach should be most attractive in terms
of simplicity and versatility. To this end, we recently
demonstrated the use of a syringe pump as an effective
means to manipulate the precursor concentration and thus
selectively enhance the overgrowth of Rh along the corners
and edges rather than side faces of a cubic seed.[13] Herein, we
further extend the capability of this approach to achieve
nucleation and growth of Ag on one, three, and six of the
equivalent {100} faces on a Pd seed. By simply manipulating
the rate at which AgNO3 was added, we found that Pd–Ag
bimetallic nanocrystals with three distinct structures could be
produced under otherwise similar conditions: dimers with Ag
growing on only one of the six faces of a Pd seed; eccentric
hybrid bars with Ag growing on three adjacent faces of a Pd
seed; and core–shell nanocrystals with Ag growing on all six
faces of a Pd seed. Significantly, these Pd–Ag bimetallic
nanocrystals displayed substantially different LSPR proper-
ties as compared with those made of pure Pd, Ag, or their
alloys.

In the first step, we synthesized Pd seeds by reducing
Na2PdCl4 with l-ascorbic acid (AA) in an aqueous solution in
the presence of bromide ions as a capping agent to promote
the formation of {100} facets.[14] A transmission electron
microscopy (TEM) image of the as-prepared Pd seeds is
shown in Figure S1 in the Supporting Information. The
nanocrystals had an average edge length of 18 nm, together
with an average aspect ratio of 1:1.2. Each one of them was
enclosed by six {100} facets: two of them were square in shape
(type-a) while the other four were slightly rectangular (type-
b). These nanocrystals then served as seeds for the over-
growth of Ag in the next step.
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We conducted the seeded growth of Ag on Pd by
introducing an aqueous AgNO3 solution into an aqueous
mixture containing both the Pd seeds and ascorbic acid (AA)
at a well-defined, adjustable rate. Figure 1a–c, shows typical
TEM images of the products obtained after different volumes

of the AgNO3 solution had been added at a rate of 1.0 mLh�1.
At this injection rate, Ag atoms only nucleated and grew on
one of the six faces of a Pd seed, generating a Pd–Ag
bimetallic dimer with a hybrid structure. In the early stage, the
Ag was deposited as a thin plate on one of the six faces of
a seed. Further growth resulted in the formation of a Ag plate,
cube, and then bar with slight truncations at the corners.
During the growth process, the lateral dimensions of the Ag
block also increased slightly. Statistical analysis indicates that
the Ag atoms preferentially nucleated and grew on the type-b
face for most (> 80%) of the Pd seeds. When the injection
rate for AgNO3 solution was increased to 30 mLh�1, a differ-
ent morphology was observed for the final products (Fig-

ure 1d–f). At this rate, Ag atoms were able to nucleate and
grow on as many as three adjacent faces of a Pd seed. When
a small amount (0.5 mL, Figure 1d) of AgNO3 was intro-
duced, the Ag atoms were mainly deposited on one of the six
faces of a Pd seed, similar to what was observed in Figure 1a.

As the amount of AgNO3 solution was
increased to 1.7 mL (Figure 1e), how-
ever, the Ag atoms were able to grow
from three adjacent faces of a Pd seed,
producing a Pd–Ag eccentric nanobar
with the Pd seed positioned at one of
the corners. Specifically, the Ag atoms
were added to one of the type-a faces
and two adjacent type-b faces of the Pd
seed. A careful analysis indicates that
the Ag grew slightly faster along the
direction perpendicular to the type-b
face than that to the type-a face. Sig-
nificantly, the site selectivity of this
overgrowth mode could be retained
when more AgNO3 was introduced
(Figure 1 f). Owing to the superposi-
tion of two slightly misfit crystalline
lattices associated with Pd and Ag, we
could easily observe a Moir� pattern
where the region corresponding to the
Pd seed was covered by fringes with
alternative bright and dark stripes.[15]

For the products in Figure 1e,f, the
Moir� patterns could be easily
observed since either the top or the
bottom face of the Pd seed was covered
by Ag (see Supporting Information,
Figure S2 for images at a higher mag-
nification). The Moir� fringes in the Pd
region suggest that the (200) lattice
fringes of Ag and Pd were aligned
parallel to each other and there was an
epitaxial relationship between the Ag
and Pd components.

As expected, when the AgNO3

solution was quickly injected into the
reaction using a pipette, we observed
nucleation and overgrowth of Ag on
the entire surface of a Pd seed, result-
ing in the formation of a Pd@Ag core–

shell nanocrystal (Figure 1g–i). When the amount of AgNO3

solution was relatively small (Figure 1g), the Ag overlayer
was still able to cover all six faces of a Pd seed although its
thickness was only on the order of 1–2 nm. Increasing the
amount of AgNO3 solution merely increased the thickness of
the Ag shell (Figure 1h,i).

We characterized these three different types of Pd–Ag
nanocrystals with high-resolution TEM (HRTEM), scanning
TEM (STEM), and energy dispersive X-ray (EDX) micro-
analysis. All the HRTEM images (Figure 2a, d, and g)
indicate that the lattice fringes were coherently extended
from the Pd core to the Ag region, suggesting an epitaxial
relationship between these two metals. The {200} fringes in

Figure 1. Synthesis of three different types of Pd–Ag bimetallic nanocrystals by controlling the

injection rate of AgNO3. a–c) TEM images of Pd–Ag dimers obtained by injecting the AgNO3

solution at 1 mLh�1, the total volumes of added AgNO3 solution were: a) 0.4, b) 1.5, and

c) 2.7 mL. d–f) TEM images of Pd–Ag eccentric nanobars obtained by injecting the AgNO3

solution at 30 mLh�1, the total volumes of added AgNO3 solution were: d) 0.5, e) 1.7, and

f) 3.3 mL. g–i) TEM images of Pd@Ag core–shell nanocrystals obtained by adding all of the

AgNO3 solution at one time, the total volumes of added AgNO3 solution were: g) 0.5, h) 1.7, and

i) 3.3 mL. Insets: enlargements, scale 10 nm and applies to all insets. The 50 nm scale bar

applies to all main images.
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the Pd and Ag regions showed periods of 1.9 and 2.0 �, as
expected for face-centered cubic (fcc) Pd and Ag, respec-
tively. Although the lattice constants of Pd and Ag have
a mismatch of 4.5%, the Ag atoms could still nucleate and
epitaxially grow from the {100} facets of a Pd seed possibly
due to the small size of the seed. The HRTEM images showed
only a very minor difference in contrast between the Pd and
Ag regions due to their similar atomic numbers.[16] The
distributions of Pd and Ag were clearly resolved by EDX
spectra (Supporting Information, Figure S3), EDX elemental
mapping (Figure 2b, e, and h and Supporting Information,
Figure S4), and the corresponding bright-field STEM images
(Figure 2c, f, and i). All the data support the formation of
three distinctive types of structures as we have described in
the prior section. The selected area electron diffraction
(SAED) patterns (insets of Supporting Information, Fig-
ure S5–S7) recorded from the relevant particles also show
a single-crystal nature for both Pd and Ag components.

Figure 3 schematically illustrates the three distinct modes
observed for the overgrowth of Ag on Pd seeds when AgNO3

was introduced at different rates. In general, when AgNO3 is
introduced into an aqueous solution containing AA and the
Pd seeds, this salt precursor is immediately reduced to Ag

atoms upon contact with AA.[17] As such, the reduction rate
and thus the concentration of Ag atoms are mainly deter-
mined by the injection rate used for introducing the AgNO3

solution. At a slow injection rate, the concentration of Ag
atoms derived from AgNO3 can be maintained at a relatively
low level around the Pd seed. The Ag atoms will preferen-
tially nucleate on the surface of a Pd seed via heterogeneous
nucleation rather than in the solution phase by themselves via
homogeneous nucleation due to a lower activation energy for
the former pathway.[18] When the concentration is too low, the
Ag atoms cannot generate multiple nucleation sites on a Pd
seed. Instead, only one of the six faces of a Pd seed is involved
in the heterogeneous nucleation. Due to the self-catalytic
behavior of Ag, once a nucleus of Ag atoms has been created
on the surface of a seed, the reduction of AgNO3 in the
following step will preferentially occur at this site rather than
other regions on the Pd seed. The Ag nucleus initially grows
laterally across the face of a Pd seed and then vertically along
the direction perpendicular to the face, evolving into a plate,
cube, and then bar. The reason why the Ag atoms preferen-
tially nucleate on the type-b rather than type-a face of a Pd
seed can be attributed to their difference in actual surface
areas and thus different collision frequencies with the Ag
atoms.

When the injection rate is very fast, the Ag atoms around
a Pd seed can be maintained at a level sufficiently high to
facilitate nucleation on all faces of a Pd seed, leading to the
formation of a conformal Ag shell. A similar mechanism is
also involved when AgNO3 is injected at a moderate rate and
the concentration of Ag atoms is only high enough to allow
nucleation on three of the six faces of a Pd seed. In the very
early stage, however, the amount of added AgNO3 may just
be sufficient for nucleation and growth on one of the six faces
of a Pd seed (Figure 1d). Further addition of AgNO3 then
leads to nucleation on two adjacent faces, ultimately forming
Pd–Ag eccentric nanocrystals with the Pd seed located at one
of the corners. The reason why Ag preferred to deposit on
three adjacent faces instead of all type-b faces might be
related to the migration of Ag atoms on a Pd seed.[19]

Figure 2. Structural analyses of the three different types of Pd–Ag

bimetallic nanocrystals. a),d),g) HRTEM images, b),e),h) EDX mapping

images, and c),f),i) bright-field STEM images of the individual nano-

crystals shown in Figure 1(b), (e), and (h), respectively. For EDX

mapping, Pd atoms are shown in green and Ag atoms are shown in

orange.

Figure 3. Three different mechanisms for the nucleation and growth of

Ag on Pd seeds as controlled by the rate of injection. The reaction rate

increases from top to bottom.
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Specifically, the initially deposited Ag atoms may migrate to
adjacent faces and then serve as catalytic centers for further
growth of Ag.

Figure 4 shows the extinction spectra recorded from
aqueous suspensions of the as-prepared Pd–Ag bimetallic
nanocrystals. In comparison, the extinction spectrum of the

Pd seeds (Supporting Information, Figure S8) shows no LSPR
peak in the visible region. For the Pd–Ag dimeric nano-
crystals, the major LSPR peak associated with the Ag portion
was observed in the range of 420–425 nm, accompanied by
a shoulder peak around 350 nm (Figure 4a). The peak
positions were slightly red-shifted as the deposited Ag
evolved from thin plates into bars, reflecting the size
sensitivity for the LSPR peak of Ag nanostructures. Similar
red-shifts were also observed for the samples obtained under

two other growth modes. For the Pd–Ag eccentric nanobars
(Figure 4b), the peak positions were similar to those of Pd–
Ag dimers, but the peak intensities were much stronger. For
the Pd@Ag core–shell samples, the major LSPR peak
appeared at relatively shorter wavelengths (380–395 nm
Figure 4c), overlapping with a shoulder peak at approxi-
mately 350 nm. Interestingly, a weak peak arose at 550 nm
during the growth of Ag shells, most likely due to the
elongation associated with the Ag shells. Compared with the
other two cases, the major LSPR peaks for the core-shell
nanocrystals were the strongest and sharpest.

These results were consistent with the trend observed in
theoretical calculations where the extinction spectra (Sup-
porting Information, Figure S9, b–d) of three typical Pd–Ag
bimetallic nanocrystals were computed using the discrete
dipole approximation (DDA) method.[20] A comparison with
the DDA spectra revealed that no peak appeared around
350 nm for both solid and hollow Ag nanostructures with the
same outer diameter (Figure S10).[21] On the contrary, this
peak appeared for a Pd cube with a 8 nm layer of Ag on one of
the six faces (Figure S9a). Thus, the Pd–Ag interface must be
responsible for this shoulder peak. The major LSPR of
a Pd@Ag core–shell nanocrystal also occurred at a shorter
wavelength than those of the solid and hollow nanostructures
made of pure Ag (Figure S10), clearly indicating that the
LSPR was blue-shifted as a result of the incorporation of a Pd
core. This phenomenon can be attributed to the increase in
surface electron density in the Ag shell, as driven by electron
transfer from Pd to Ag because of a higher electron chemical
potential for Pd relative to Ag.[22]

In summary, we have demonstrated that we could achieve
nucleation and growth of Ag on one, three, or six of the
equivalent {100} faces of a Pd seed by simply controlling the
rate at which the precursor was introduced and reduced. As
such, we obtained bimetallic nanocrystals with three distinc-
tive structures under otherwise similar experimental condi-
tions: hybrid dimers, eccentric nanobars, and core–shell
nanocrystals. These bimetallic nanocrystals are attractive for
applications in photonics as they displayed different LSPR
properties as compared with those consisting of pure metals
and their alloys. This strategy for engineering the spatial
distributions of elements in a bimetallic nanocrystal offers
a radically different approach to the fabrication of plasmonic
nanostructures with enhanced sensing and SERS capabilities.
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