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Pd@Ag core-shell nanocrystals are synthesized through a seed
mediated method. Ag shells are found to be grown in a non-
epitaxial growth manner, with lots of defects to release the strain
originating from lattice mismatch.

Owing to their fantastic optical and catalytic properties, controllable
synthesis of noble metal nanocrystals (NCs) has been extensively
studied."” Recently, research interests have been switched from
single to binary and multiple elements, leading to integration of Au,
Ag, Pd and Pt into the same structures such as in core-shell NCs.?
Unfortunately, a prerequisite to formation of most noble metal
core-shell NCs is lattice matching between the core and shell
element, allowing the epitaxial growth of another single crystalline
shell onto the single-crystalline core.” This structural feature dra-
matically limits the available types of noble metal core-shell NCs.
For instance, reports on the synthesis of Pd@Ag core-shell NCs is
scare due to the large lattice mismatch (cell parameter: Pd 3.891 A,
Ag 4.086 A; lattice mismatch: 5.012%).°

Herein, we explore that Pd@Ag core-shell NCs can be fabri-
cated via a non-epitaxial growth mode of Ag shells onto Pd cores.
Although with a uniform cubic shape, the Ag shells do not have
perfect single crystalline structure and contain lots of defects at
the boundary with Pd cores, some of which extend to the surface
of the Ag shells. The defects are the key to release the stress
induced by the lattice mismatch. The localized surface plasmon
resonance (LSPR) properties of such Pd@Ag core-shell NCs are
investigated and compared with theoretical results.
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Single-crystalline Pd nanocubes enclosed with six {100} facets
of side length 18 + 3 nm (Fig. S1f), are chosen as seeds.®
Cetyltrimethylammonium chloride (CTAC) is used as the surfac-
tant to mix with the growth solution containing AgNO; and
L-ascorbic acid, giving rise to production of Pd@Ag core-shell
NCs.*?#7 As shown in Fig. 1, the sizes of NCs grow from ~ 18 to
~40 nm, indicating the formation of Ag shells. The Pd@Ag
core-shell NCs of uniform sizes and shapes can spontaneously
organize into ordered structures on silica substrates (Fig. 1A).
Transmission electron microscopy (TEM) observation on single
core-shell NCs clearly presents Moiré patterns (the patterns
formed due to superposition of misfit of the two lattices)
(Fig. 1C and Fig. S2%), also suggesting the formation of Ag shells.
Interestingly, these Moiré patterns are not straight and parallel.
This is the first evidence of the incoherent overgrowth between
the cores and the shells: (1) the curved Moiré patterns imply the
possible existence of defects. (2) When misfit lattices overlap
each other in parallel, the Moiré patterns should also appear in
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Fig. 1 (A) Scanning electron microscopy (SEM) images, (B, C) transmission
electron microscopy (TEM) images and (D, E) element analysis mapping of
Pd@Ag core-shell NCs.
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parallel. The non-parallel patterns demonstrate possible shift-
ing or rotation of the two lattices.

It is obvious that Pd cores are not located at the center of the NCs
(Fig. 1D and E, Fig. S2%). Similar asymmetric PA@Ag nanostructures
have been obtained and they are attributed to the anisotropic growth
speed of Ag atoms on the Pd cores.” Nevertheless, in that report the
deposition of Ag atoms also follows the epitaxial growth on one/
three/six sides of the Pd cubic seeds, leading to the products of the
structures in which the facets of Ag shells are parallel to the facets of
Pd seeds (cubes are enclosed with {100} facets for noble-metal NCs
of face-centered cubic lattice). On the contrary, the PA@Ag core-shell
NCs synthesized in our work are quite different: the facets of the
cores (enclosed by red dotted squares in Fig. 1B and Fig. S2%) and
the shells (enclosed by blue dotted squares in Fig. S2%) are not
always parallel and appear randomly with a small included angle.
The non-parallel relationship between the core and the shell facets
provides the second evidence on the non-epitaxial growth.

In order to examine the detailed structures of the Pd@Ag core-
shell NCs, the individual NCs before and after coating with Ag shells
are characterized by high-resolution TEM (HRTEM).

As shown in Fig. S31, the lattice of single-crystalline Pd seeds is
clearly discerned with the incident electron beam direction along
[100]. Fig. 2A represents a typical HRTEM image of Pd@Ag
core-shell NCs. The position of the core is first identified through
Moiré patterns (enclosed by red dotted square). A prominent
structural feature of the Pd@Ag core-shell NCs is that though the
lattice plane distance of 0.204 nm corresponding to that of Ag {200}
planes (dagpo0, = 0.2044 nm) can be distinguished, there are many
defects existing especially near the boundary of the Pd core and Ag
shell, and these defects extend through the Ag shell (white circles in
Fig. 2A). The inset image of Fig. 2A represents the corresponding
fast Fourier transform (FFT) image, which exhibits two series of
diffraction patterns: one belongs to the regular spots of Ag with
the incident direction along [100] (marked with red dots) and the

Fig. 2 (A)and (C): HRTEM images of Pd@Ag core—shell NCs (insets are FFT images).
(B) and (D): magnified area enclosed with blue squares in (A) and (C), respectively.
The red dotted lines in the images outline the core positions. The areas marked by
yellow squares are areas with defects or dislocations. The red circles in (B) represent
the regular atoms, while the green ones are the dislocation positions.
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other is of spots distributed irregularly. These additional and
unassigned diffraction spots should originate from lattice distortion
or defects. To observe these defects clearly, the magnified image of
the boundary of the Pd core and the Ag shell (blue rectangular area
in Fig. 2A) is shown in Fig. 2B. Four areas that are marked by 1 and 2
disclose two types of typical defects: (1) edge dislocation (ED): an
inserting plane, in which the inserting atoms are marked by green,
can be clearly seen in area 1. (2) Stacking fault (SF): the obvious
distortion of the atoms’ position, which originates from the gliding
of the stacking fault planes along [110] direction, can be observed in
area 2. The green circles in area 2 highlight these planes. It has been
reported that in Au@Pd bimetallic alloy nanostructures, the strain
between the surface Pd and the Au core is released by Shockley
partial dislocations accompanied with SFs.® As for the Pd@Ag
core-shell NCs, ED and SF are the main strain release mechanisms.

Fig. 2C and D represent another typical example of the Pd@Ag
core-shell NCs. In Fig. 2C, the measured lattice parameters of four
positions can be classified into two types of crystal planes: (1) 0.210
and 0.203 nm: the two planes in the perpendicular arrangement
both correspond to the {200} planes of Ag with an obvious
distortion along one direction expanded and another direction
slightly compressed (dagfo0y = 0.2044 nm); (2) 0.139 and 0.144 nm:
the two planes in the parallel arrangement both correspond to the
{220} plane of Ag (dagf220; = 0.1445 nm). Evidently, compression of
the lattice appears along the [110] direction. In Fig. 2D, such type of
distortion (the area enclosed by orange square) is labeled, combin-
ing with a few atom vacancies (the position surrounded by red
circles). The presence of a large amount of defects and lattice
distortion should be responsible for the abnormal Moiré patterns
and the non-parallel arrangement of the core and the shell planes.

How do the Ag shells grow on the Pd cores to form the
monodisperse cubic NCs? Generally, heterogeneous film growth
follows three classic modes (Fig. S4A1)’: (1) Frank-van der Merwe
mode: layer-by-layer epitaxial growth for the case of perfect lattice
match or slight mismatch with high interfacial bond energies and
low supersaturation; (2) Volmer-Weber mode: island growth
mode for the case of large mismatch under supersaturation to
form three-dimensional nucleation; (3) Stranski-Krastanow
mode: layer formation following island growth at medium lattice
mismatch. Specific to growth of the noble metal core-shell NCs,
the core offers nucleation sites and subsequent deposition of shell
materials is determined by the lattice mismatch and the bonding
energy between shell and core atoms. In the case of a lattice
mismatch no larger than 3%, a uniform single crystal shell can be
normally grown epitaxially on the core by the Frank-van der
Merwe mode. When the mismatch is larger than 3%, nanoislands
rather than a complete shell is formed on the surface of the core,
as governed by the Volmer-Weber mode. In our system, the rather
large lattice mismatch, 5.012%, limits the epitaxial growth of an
Ag shell onto the Pd core (Frank-van der Merwe mode). However,
formation of the complete Ag shells instead of discrete islands
on the Pd cores demonstrates that the growth of Pd@Ag core—
shell NCs does not follow the conventional Volmer-Weber or
Stranski-Krastanow mode.

Here we suggest a novel formation mechanism of Pd@Ag
core-shell NCs as follows (Fig. S4B}): when AgNO; and AA are
added into the solution of Pd seeds in the presence of CTAC,
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Fig. 3 (A) Experimental and (B) calculated UV-vis spectra of Pd@Ag core—shell NCs.

the AgNO; can be reduced to Ag atoms, which are deposited onto
the surface of the Pd seeds initially in a layered mode. Owing to the
5.012% lattice mismatch between the Pd core and Ag shell, the
strain accumulates after a few layers. Different from classic film
growth (Fig. S4Af), large surface energy and small surface area of
NCs, in combination with the sufficient supply of Ag atoms, causes
quick atom migration and fast formation of the shell. This process
eliminates island formation, resulting in stress release through
generation of defects in the shell. The production of the defects
(mainly SF and ED, as shown by yellow dotted squares in Fig. S4B}),
gives rise to variation of the growth direction of the shell, eventually
resulting in the formation of the Ag shells with different orientation
compared with the cores. In addition, the ability of the CTAC
surfactants in stabilizing {100} facets of Ag leads to formation of
core-shell products of cubic shapes.* The uncertain included angles
between the Ag facets and the Pd seeds reveal variation of the growth
direction, which should be attributed to the fast growth process of
Ag shells and the existence of the defects. It should be noted that if a
similar synthetic process is performed changing Pd seeds to Au
seeds, Au@Ag core-shell NCs of perfect single crystalline shells and
the symmetric structures are obtained (Fig. S5%).% Since the lattice
parameters of Au and Ag are very similar (Au: 4.079 A, Ag: 4.086 A,
mismatch: 0.17%), this experiment reveals the role of the lattice
mismatch in generation of the non-epitaxial and asymmetric
core-shell NCs.

By controlling the adding amount of the Pd seeds with size of
around 18 nm, the overall sizes of the Pd@Ag core-shell NCs can be
tuned between 28-62 nm (insert of Fig. 3A), which provides excellent
candidates to study the optical properties of noble metal core-shell
NCs of large lattice mismatch. Analogously to previous studies, the
pure Pd seeds have no obvious LSPR peak in the UV-visible region
(inset of Fig. S11).° For the PAd@Ag core-shell NCs there are two
main peaks (Fig. 3A): one at 350-354 nm, almost independent of
size, and the other at 399-444 nm with a remarkable bathochromic
shift from 28 to 62 nm. Moreover, an absorption shoulder between
these two peaks emerges as the size of the NCs increases, for
instance, an absorption shoulder at around 400 nm is observed
for the 62 nm Pd@Ag core-shell NCs (pink curve in Fig. 3A). To
understand the LSPR of the Pd@Ag core-shell NCs, theoretical
calculations were carried out using the discrete dipole approxi-
mation (DDA) method (Fig. 3B and Fig. S6%). Because it is hard to
evaluate the exact amount and the position of defects, our theore-
tical calculation was only based on the ideal core-shell model.
Nevertheless, similarly to experimental results, with the NC sizes
increasing, the calculated peaks at 343-347 nm corresponding to the
multipole mode (Fig. S6f) show a slight blue shift, while the
calculated main peaks at 445-534 nm corresponding to the dipole
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mode (Fig. S6%) exhibit a large bathochromic shift (Fig. 3B). We also
note that though the change tendency is similar, both the shapes
and positions of the absorbance peaks are quite different between
experimental results (Fig. 3A) and theoretical calculation (Fig. 3B).
The big difference in the calculated and experimental results high-
lights the effect of non-epitaxially grown core-shell structures on the
optical performance of NCs, which should be attributed to the
presence of defects and strain in the shells, and other factors such
as the size and shape of Ag shells and electron transfer between Pd
and Ag (Fig. S79).

In conclusion, we have developed a novel synthetic method to
obtain Pd@Ag core-shell NCs of large lattice mismatching. ED and
SF as the main strain release mechanisms are found to be respon-
sible for the non-epitaxial growth of Ag shells onto the Pd cores.
Furthermore, such core-shell nanostructures display unique optical
properties different from conventional core-shell NCs with good
lattice matching. This work can be expected to open the door
towards the production of different types of noble metal core-shell
NCs of large lattice mismatching, which will have great application
potential in optics, catalysis and biology.
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