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Shape stability of Pd-Rh core-frame nanocubes was studied by
in situ heating transmission electron microscopy. Pd-Rh nanocubes
could maintain cubic shape at elevated temperature compared with
pure Pd. The surface diffusion process of Rh onto {100} side surfaces
is believed to postpone the degradation to higher temperature.

Nanosize metallic particles have long been recognized as important
heterogeneous catalytic materials." Recent studies show that the
atomic characteristics of metallic nanoparticles, including particle
size, shape and surface composition, are critical to catalytic activity
and selectivity.>” It has been proven that the catalytic activities of
noble metals are highly dependent on their surface structures in
many reactions.” Given that the surface structures of nanocrystals
have a strong correlation with their morphologies, morphology
control of nanocrystals has become a central theme of research
with an ultimate goal to tune the catalytic performance of nano-
crystals. However, the stability of nanocatalysts especially the single
crystal nanoparticles with high index surface planes forming regular
shapes under realistic technical conditions is a well documented
inherent problem. Different capping agents, such as organic and
other agents, have been widely used in colloidal chemistry to
stabilize nanoparticles under mild conditions. Unfortunately,
these capping agents decompose at relatively low temperatures,
300-400 °C, which is well below the temperature required for
many industrially important catalytic processes.’

On the other hand, even though bimetallic nanocatalysts,
composed of two different metallic elements, are the focuses of
intense research efforts in catalysis,*® there are very few reports
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on the thermal stability of bimetallic nanoparticles, especially on
the evolution of single bimetallic nanoparticles at the atomic scale.
Recently, Cao and Veser demonstrated that the Pt-Rh alloying
nanoparticles could maintain exceptional thermal stability by using
the impact of alloying Pt with Rh.” A theoretical study on the
alloying bimetallic Pd-Au nanoparticles has shown that the surface
diffusion played an important role in the thermal stability.® Here,
we demonstrate the possibility of enhancing the shape stability of
Pd-Rh core-frame nanocubes at elevated temperature by using the
high melting point element Rh as a capping agent coated on the
corner and the frame of the Pd nanocube. We study the enhanced
shape stability of the Pd-Rh nanocubes by in situ heating transmis-
sion electron microscopy. The Pd-Rh core-frame nanocubes could
maintain the cubic shape after annealing for 1 hour at 500 °C in
contrast to the apparent truncation of pure Pd nanocubes at 400 °C
for 8.5 min. We believe that the diffusion of the high melting point
metal (Rh) coated on the corners and edges onto {100} side surfaces
plays an important role in the stabilization of the nanoparticle
at the atomic scale. The high melting point metal (Rh) could be
used as a metallic capping agent to stabilize the embedded low
melting point metal (Pd).

Pd-Rh bimetallic nanocubes were synthesized by site-specific
growth. The details of the synthesis process can be found in our
previous work.” Transmission electron microscopy (TEM), high-
angle annular dark-field (HAADF)-scanning transmission electron
microscopy (STEM) and energy dispersive X-ray spectrometry (EDS)
mapping were performed in a JEOL ARM200F with a STEM aberra-
tion (Cs) corrector operated at 200 kV. In situ heating experiments
were performed using a MEMS-based localized heating specimen
holder (by Protochips). The holder allows the specimen to be heated
to 1200 °C within milliseconds.

For comparison, Pd nanocubes were used as baseline samples in
the in situ heating experiment. Fig. 1 shows a series of TEM images
taken from the same region at different stages as the temperature
was increased from room temperature (RT) to 700 °C. As the thermal
holder can heat the specimen to the targeted temperature within
milliseconds, one could determine the annealing time at setting
temperature more accurately. Pd particles showed intact cubic
shape with 18 nm in edge length at room temperature (Fig. 1a).

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 In situ TEM images of Pd nanocubes recorded from the same region with
varying duration and temperature for the thermal treatment: (a) at room tempera-
ture, (b) 8 min 30 s at 400 °C, (c) 3 min at 500 °C, and (d) 1 min 40 s at 700 °C. The
arrows in (c) and (d) show the corresponding positions of migrated particles.

Obvious truncated cubic particles were found when the annealing
temperature was increased to 400 °C, which is indicated by the
disappearance of sharp corners (Fig. 1b). When the temperature
reached 500 °C, the cubic particles became close to spherical, and
most of the neighbouring particles started to melt together at the
adjacent areas (Fig. 1c). Immediately after the temperature
reached 700 °C, significant interparticle coalescence was observed
(Fig. 1d). Some particles migrated out of view, as marked by
arrows in Fig. 1c and d, respectively. The shape transformation of
the Pd nanocubes from RT to 500 °C (Fig. 1a—c) could be induced
by surface diffusion, which would lead to a three dimensional
atomic rearrangement.'® Liquid-like properties of surface layers of
the Pd nanoparticles played an important role in the coalescence
process at 700 °C (Fig. 1c and d)."* Our observation of heating Pd
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nanocubes is similar to the report of in situ thermal experiments
of Pt nanocrystals.’® Since the Pd nanocubes start to dramatically
degrade at 500 °C, changing into spherical-like shape, we chose
500 °C as the heat treatment temperature to investigate the shape
stability of Pd-Rh core-frame nanocubes.

The Pd nanocubes shown in Fig. 1 were used as seeds for
confined overgrowth of Rh atoms at the corners and edges.
Fig. 2a shows a HAADF-STEM image of the Pd-Rh core-frame
nanocubes. The out-extending corners of Pd-Rh nanocubes have a
pod-like appearance in the projection along the (100) directions.
The specimen was directly heated up to 500 °C and annealed for
1 hour. The images in Fig. 2b and c were recorded from the same
region as shown in Fig. 2a at different stages of the annealing
process. The enlarged insets in Fig. 2a—c clearly illustrate the details
of the evolution of an individual Pd-Rh nanocube annealed for
60 min at 500 °C. In the earlier stage, 10 min (Fig. 2b), the sharp
corners of the nanocubes turned into round ones. After the con-
tinuous annealing for 50 min, the shape of nanocubes showed no
significant change; except that the out-extending corners became
smaller. The Pd-Rh nanocubes could maintain the cubic shape very
well after annealing at 500 °C for 1 hour. The shape stability of Pd
nanocubes is significantly enhanced by coating the high melting
point metal (Rh) on the corners and edges.

To perform the stabilization mechanism of the bimetallic Pd-Rh
core-frame nanocubes, the atomic structure and composition of the
nanocubes before and after 60 min annealing at 500 °C were further
investigated using atomic HAADF-STEM images and EDS mapping,
as shown in Fig. 3. All nanocubes in Fig. 3 were projected along
(100) zone axes. The atomic HAADF-STEM image taken at RT
(Fig. 3b) reveals the continuous lattice fringes from the Pd core to
the Rh frame, which indicates an epitaxial relationship between the
core and frame metals. The (200) and (220) planes of face-centered
cubic (fcc) Rh are marked in Fig. 3b. It is worth noting that the
surfaces of the out-extending edges were nearly parallel to the
{220} planes. The atomic numbers of Pd and Rh are 46 and 45,
respectively, and they are very close. There is no distinct difference
in contrast between core Pd and frame Rh in the HAADF-STEM
images, so-called Z-contrast images.'”> Thus, EDS mapping
was used to determine the distributions of Pd and Rh in the

Fig. 2

In situ HAADF-STEM images of Pd-Rh core-frame nanocubes recorded from the same region at room temperature (a) and at 500 °C after different annealing

times of 10 min (b) and 60 min (c). The enlarged insets in (a—c) show the evolution of an individual Pd-Rh nanocube, indicated by arrows in (a—c), annealed for 60 min

at 500 °C. The scale bars in the insets are all 10 nm.
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Fig. 3 Atomic structure and compositional analysis of Pd—-Rh core-frame nano-
cubes at room temperature (a—c) and at 500 °C after annealing for 60 min (d-f):
(a), (d) HAADF-STEM images; (b), (e) atomic resolution HAADF-STEM images of
the regions marked in (a) and (d), respectively; (c), (f) EDS mapping together with
corresponding HAADF-STEM images of individual Pd—Rh nanocubes (red = Pd,
green = Rh).

core-frame nanocubes. Fig. 3¢ demonstrates an EDS mapping
of Pd-Rh nanocubes at RT. The mapping confirms that the out-
extending corners and edges were dominated by Rh, while the
cubic core was essentially made of pure Pd. Fig. 3d shows a
HAADF-STEM image of an individual Pd-Rh nanocube annealed for
60 min at 500 °C. The high resolution image (Fig. 3e) clearly presents
that the annealed cube still maintained the epitaxial relationship
between core and shell metals. The out-extending corners and edges
degraded into slightly truncated ones. It seems that the overgrown
Rh atoms on the corners diffused to the side surfaces and/or the
core of the nanocube. From the thermodynamic aspect, surface
diffusion requires less energy than body diffusion. The Rh atoms
should mainly migrate to {100} side surfaces. This has been
confirmed by the EDS mapping of an annealed Pd-Rh cube
(Fig. 3f). The mapping indicates that Rh mainly dominated along
the {100} side surfaces, and was no more enriched on the corners
and edges. The EDS spectrum extracted from the Fig. 3f mapping in
the projection (001) plane shows that Rh distributes on the side
surfaces, which further confirms that Rh migrated to {100} surfaces
at elevated temperature (Fig. S1 in ESIf). The difference in Rh
concentration between Fig. 3c and f is because the two EDS
mappings were obtained from two nanocubes. In addition, the
Pd-Rh cubes with slight degradation retained the annealed shape
at 500 °C, when the temperature was set back to RT.

Surface layers of nanoparticles tend to become liquid-
like before the melting transition, the so-called pre-melting
stage.® The surface of nanoparticles melts at a lower tempera-
ture compared with the melting point of nanoparticles.
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Therefore, to resist the surface pre-melting could be an effective
strategy to improve the shape stability of nanoparticles. The
high melting point metal (Rh) coated on corners and edges as a
capping agent suppressed the surface pre-melting of the low melting
point core metal (Pd) at 500 °C. Rh has higher activation energy for
self-surface diffusion [84.95 k] mol " on the (100) surface]'® than Pd
[58 k] mol " on the (100) surface]."* With Rh coated at corners and
edges as a capping agent, a relatively higher energy barrier needs to
be overcome to melt the surface layers of Pd-Rh core-frame
nanocubes. Thus, the Pd-Rh core-frame nanocubes can present
improved shape stability at elevated temperature.

In summary, using in situ heating transmission electron
microscopy, we have demonstrated one effective approach to
enhance shape stability of Pd nanocubes at elevated temperature
by coating high melting point metal Rh on corners and edges to
form core-frame bimetallic nanocubes. The Pd-Rh core-frame
nanocubes could maintain cubic shape after annealing for 1 hour
at 500 °C in contrast to the apparent truncation of pure Pd
nanocubes at 400 °C for 8.5 min. Surface pre-melting of Pd is
suppressed by the surface diffusion of Rh from corners and edges
to {100} side surfaces. This strategy of shape stabilization can be
extended to the development of other multi-metallic nanocrystals
for broad high temperature applications.
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Fig. S1 EDS spectrum extracted from EDS mapping of Pd-Rh cube after 60 min annealing at
500 °C. The chosen area of the EDS spectrum is from the projection (001) plane. Rh distributes
on the side surfaces. Carbon signal comes from supporting film, and silicon signal from in-situ

heating E-chips.



