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Shaping binary metal nanocrystals through epitaxial seeded growth

Susan E. Habas,"? Hyunjoo Lee,'? Velimir Radmilovic,” Gabor A. Somorjai,"* and Peidong Yang'*

'Department of Chemistry, University of California, Berkeley
Berkeley, CA 94720

*Materials Sciences Division, Lawrence Berkeley National Laboratory

1 Cyclotron Road, Berkeley, CA 94720

Email: p_yang@berkeley.edu

Morphological control of nanocrystals has become increasingly important, as many
of their physical and chemical properties are highly shape-dependent. Nanocrystal
shape control for both single and multiple material systems, however, remains fairly
empirical and challenging. New methods need to be explored for the rational
synthetic design of heterostructures with controlled morphology. Overgrowth of a
different material on well-faceted seeds, for example, allows for the use of the
defined seed morphology to control nucleation and growth of the secondary
structure. Here, we have used highly faceted cubic Pt seeds to direct the epitaxial
overgrowth of a secondary metal. We demonstrate this concept with lattice matched
Pd to produce conformal shape-controlled core-shell particles, and then extend it to
lattice mismatched Au to give anisotropic growth. Seeding with faceted nanocrystals
may have significant potential towards the development of shape-controlled

heterostructures with defined interfaces.

Heteroepitaxy in gas-phase deposition has been extensively studied for the development
of functional heterostructures and devices. The same degree of control is necessary to
fully realize the potential of heterostructure formation in solution. The majority of efforts
towards solution-phase heterostructure growth have focused on chalcogenide or oxide
interfaces,'” or the integration of a metallic component with a chalcogenide or oxide

12, 16, 17

structure.*"® Fully metallic heterostructures with controlled shape and interfaces

are less well studied."®?' Shape control of individual metallic nanoparticles, on the other



hand, has been extensively studied”?’ and can provide a starting point for the

development of shaped heterostructures.

We have focused on the use of faceted metal nanocrystals as nucleation centers for the
overgrowth of a secondary metal to obtain shape-controlled metal heterostructures. The
effect of seeds on the reduction of metals has been well studied,”® *° but little
investigation has been done on the effects of seeding with another material.'> ** 3! Here,
platinum nanocubes (13.4 nm face diagonal with 13% distribution, 9.5 nm edge length,
Supplementary Information, Fig. S1)** were used as seeds for the reduction of K,PdCly
by ascorbic acid in an aqueous surfactant solution (tetradecyltrimethylammonium
bromide, TTAB). The epitaxial overgrowth of Pd on these Pt nanocubes gave Pt/Pd
bimetallic core-shell cubes (~75%, 37.2 nm face diagonal with 8% distribution, 26.5 nm
edge length). Figure la is a scanning electron microscopy (SEM) image showing the
overall cubic morphology and monodispersity. The transmission electron microscopy
(TEM) image of the array in Figure 1b clearly shows that there is a single Pt nanocube at
the center of each core-shell heterostructured nanocube. The X-ray diffraction (XRD)
pattern collected on these core-shell nanocubes can be indexed to a face-centered cubic
lattice, as Pd and Pt have a small lattice mismatch of only 0.77% that cannot be resolved
by our diffractometer. In the absence of seeds, no shape control was observed; instead, a
mixture of large particles (>100 nm) including non-polyhedral particles, rods, and various
faceted particles, was formed (Fig. S2a). Therefore, the cubic Pt seeds serve two purposes
here; they provide a well-defined surface for the overgrowth of the secondary metal,

while at the same time dictating the final shapes of the core-shell heterostructures.

Visualizing the orientation of the cubic Pt seed within the cubic Pd shell as well as
understanding the nature of the bimetallic interface is difficult for the fully embedded
structure in which both components exhibit high-contrast by traditional TEM imaging.
We used high angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) to analyze the orientation of the two sub-structures. Using this method,
the Pt cores stand out sharply in relation to the Pd shells due to the enhanced contrast

from the difference in atomic numbers between the two elements (Z-contrast imaging).



Figure 1c shows the intense contrast from the Pt cube centered within the Pd shell which
exhibits much lower intensity. Tomographical information, including the mutual
orientation of the core and shell, can be extracted from the HAADF-STEM intensity data.
Integration of the intensity profile across the face of the Pt/Pd core-shell cubes indicates
that the {100} planes of both the Pt core and Pd shell lie at ~90° to one another as
expected for the intersection of {100} planes in a cube. We can also see that the Pt cube
is oriented with the {100} faces parallel to the {100} faces of the Pd shell as modeled in
Figure 1d. The axes extend along the <100> directions through the {100} faces of the Pt
core. Development of the conformal Pd shell occurs early in the reaction which can be
seen by stopping the progress of the reaction before reduction is complete. After five
minutes of growth, the cubic Pd shell is fully formed but less than 4 nm thick (Figs. S3a
and b). Therefore, we can conclude that epitaxial overgrowth of cubic Pd shells on cubic
Pt seeds occurs conformally with balanced growth along the <100> and <111> directions

from the {100} terminated cubic Pt seeds.

To understand the epitaxial nature of the core-shell interfaces within the Pt/Pd nanocubes
we have carried out additional high resolution TEM (HRTEM) imaging. The HRTEM
image in Figure 2a exhibits negligible contrast between the core and the shell of the Pt/Pd
cube because of the high-degree of alignment on the <100> zone axis (the expected Pt/Pd
interface is shown as a dotted line). However, local distortions of the lattice at the buried
interface can be extracted by constructing a phase-image, and then a moiré image that
corresponds to the positions of the atomic planes. The moiré images in Figures 2b and c
were constructed from the phase images obtained using the (002) and (020) reflections in
the Fourier transform of the HRTEM image in Figure 2a. Analysis of the moiré images
indicates that the Pt/Pd interface is fully coherent and epitaxial without observable
defects. Both the (002) and (020) constructions show parallel phase intensities extending
through the expected Pt/Pd boundaries of the core without exhibiting any displacement.
Distortions of the patterns occur in the lower left quadrant of Figure 2b and the top of
Figure 2c¢ but are not associated with the interfacial region and are probably a result of

local surface damage and/or contamination.



Our understanding of the overgrowth process and the epitaxial interface of the Pt/Pd
cubes suggests that the defined structure of the Pt seed has a direct influence on the
controlled overgrowth of Pd from the epitaxial interface. Extending our control of the
directed overgrowth on Pt nanocubes to include shape control chemistry can allow for the
utilization of the conformal epitaxial growth to produce core-shell particles with other
well-defined shapes. Nitrogen dioxide is known to dissociate on Pd surfaces to give
adsorbed NO and adsorbed atomic oxygen. The NO desorbs between 230 and 300K
leaving behind adsorbed oxygen,” which may interact selectively with the Pd surfaces of
the growing palrticles.34 By adding NO, we were able to vary the growth rates along the
<100> and <I111> directions to give cuboctahedrally (~90%, 36.4 nm measured body
diagonal, with 6% distribution) and octahedrally shaped Pd shells (~90%, 34.6 nm
measured 2D projection of body diagonal with 6% distribution, 40.8 nm calculated body
diagonal). The cuboctahedral particles imaged by SEM in Figure le have a more
spherical morphology than that shown by TEM (Fig. 1f). A hexagonal projection for
particles oriented on their <111> zone axis can be readily seen in Figure 1f. The SEM
image of the octahedra (Fig. 11) shows particles that are significantly less spherical than
the cuboctahedra and have prominent vertices. Analysis by TEM (Fig. 1j) also shows
particles that have a hexagonal projection, but unlike the cuboctahedra that pack
hexagonally with no overlap, the octahedra overlap at each of their vertices in a manner
characteristic of their geometry. Also visible in the TEM images are the presence of the

Pt seeds at the core of each structure.

Here we have used the decomposition of concentrated HNO;s in the presence of
concentrated HCI (aqua-regia) as an NO, source, although similar results can be obtained
by bubbling NO, gas through the reaction to give octahedrally shaped Pt/Pd particles
(Fig. S4). For all samples, the acid concentration was kept constant at 1 mM by the
addition of HNOj; to avoid any influence of pH on the reactions containing acidic aqua-
regia. The addition of aqua-regia or NO, slows down the reduction rate considerably.
Comparative analysis of the UV-Vis spectra for the [TTA],[PdBr4] complex formed prior
to reduction,” and the complex following exposure to NOx(g), shows a shift in the

absorption maxima from 341 and 252 nm, to 320 nm with a shoulder at 250 nm after NO,



exposure. This process also corresponds to a color change from orange to bright yellow.
Excessive NO, exposure renders the complex incapable of reduction under the conditions
employed here. As the Pd precursor is reduced, the NO, starts to interact with the
surfaces of the growing particle. A preferential interaction of NO, with the {111}
surfaces may act to partially passivate the {111} surfaces with adsorbed oxygen, limiting
growth along the <111> directions possibly by altering the interaction of the TTAB
surfactant or bromide counterions with the surfaces.’® As a result, the nanocrystal sample
(Fig. 1g) from reaction containing 0.1 mM aqua-regia exhibits increased growth along the
<100> directions. The resulting cuboctahedral shells are partially terminated by {111}
planes as shown in Figure 1h. Analysis of the HAADF-STEM intensity profile across the
body diagonal gives a 123.1° angle between the {111} and {100} planes, which agrees
well with the expected 125.3° angle. Increasing the amount of aqua-regia to 1 mM allows
growth along the <100> directions to dominate, giving Pd octahedral shells composed
entirely of {111} faces (Figs. 1k and 11). The Pt/Pd octahedron in Figure 1k is oriented
along the <111> zone axis with the Pt seed on a three-fold axis giving a hexagonal
projection. Halting the reaction before reduction is complete once again shows that
overgrowth is epitaxial and conformal, and that growth along the <100> direction to give
{111} faces already dominates at an early stage for samples containing NO, (Figs. S3c,
d). Overgrowth of Pd on small spherical Pt seeds (3.5 nm) in the presence of HNOs (Fig.
S2b) or aqua-regia (Fig. S2c¢), under otherwise same conditions, does not produce the
Pt/Pd cubes or octahedra as described above. Therefore, the uniform {100} surface of the
seeds enables precise control of the Pd overgrowth direction to give shells of a defined

shape.

It is well known that lattice mismatch has a significant impact on the epitaxial growth of
heterostructures for gas-phase deposition. For heterostructures with a high-degree of
lattice mismatch, the resulting interface is often non-coherent with a large density of
defects. Here we extend the epitaxial overgrowth on cubic Pt seeds to a metal with a
larger lattice mismatch. The reduction of Au on cubic Pt seeds (4.08% mismatch versus
0.77% for Pt/Pd) results in the formation of anisotropic rods (~185 nm length and ~25 nm
diameter) shown by SEM in Figure 3a with the high resolution inset showing the



presence of a Pt seed on each rod. Other products in the sample included faceted particles
with a seed partially embedded at the perimeter, and twinned particles that initially
formed on a facet of the Pt nanocube and then grew to encompass the Pt seed. It is clear
that the high lattice mismatch effectively prevents conformal overgrowth on the Pt
nanocube, instead giving a heterostructure in which both the seed and the secondary

metal are exposed.

We believe that the lattice mismatch rather than the size of the seed gives rise to the non-
conformal growth. For example, studies on the effect of Au seed size on Au rod growth
have demonstrated the evolution of rods from seeds as large as 18 nm which are
presumably encompassed within the rod.” Here, however, we have shown anisotropic
growth to form gold rods, each containing a single partially embedded platinum cube at
the perimeter of the rod (Figs. 3b and c). Following the nucleation of gold on the
platinum cube, growth occurs on the high energy gold nucleate, rather than on the
platinum seed, as a result of its smaller size and twinning defects. Further growth occurs
bi-directionally, resulting in a Pt/Au structure in which both metals are exposed.
Reduction does not occur in the absence of seeds, and Au rods produced from smaller
spherical Pt seeds (3.5 nm) most likely have seeds enclosed within the rod structure.’’
The gold rods here are also pentagonally twinned as can be seen from the HRTEM image
in Figure 3d showing a gold rod viewed down the <112>/<100> zone with continuous
{111} fringes running parallel to the long axis. The corresponding SAED pattern (inset)
is indicative of a <112> zone overlapped with <100> zone. The first order reflections
labeled A, B, and C correspond to the (1-11), (131) and (220) planes of the rectangular [-
112] reciprocal lattice, and those labeled a, b, and C, to the (-200), (020) and (220) planes
of the square [001] lattice.’” In addition to the associated double diffraction reflections, a
second smaller set of diffraction spots slightly offset from the gold [-112] zone (Fig. 3d,
B expanded below inset) can be indexed to the platinum cube epitaxially oriented with

one of the five domains of the gold rod.

Shape control enabled by this epitaxial seeding concept allows us to study surface

dependent properties such as catalytic activity. Electrochemical oxidation of formic acid



was used to evaluate the catalytic properties of the Pt/Pd core-shell nanocrystals. The
effect of surface structure on electrocatalytic activity and selectivity has been extensively
studied.”® * Surface reaction selectivity depends on how the arrangement of the atoms
and the corresponding energy of the surface affects adsorption, surface diffusion,
intermediate formation, chemical rearrangements, and finally desorption of the products.
Structural effects on formic acid oxidation were investigated on single crystalline Pd
electrodes including Pd(100) and Pd(111).*> *' According to Baldauf and Kolb,* the
Pd(100) single crystal surface showed an anodic peak current approximately four times
higher than that for the Pd(111) surface, which corresponds to an increased oxidation rate
of formic acid at the Pd(100) surface. However, the Pd(111) surface gave a lower peak
potential (0.07 V vs Ag/AgCl) than the Pd(100) surface (0.42 V) for formic acid
oxidation. The Pd(100) single crystalline electrode was also found to be more susceptible
to oxidation than the Pd(111) electrode. Figure 4 shows cyclic voltammograms for formic
acid oxidation on cubes (Fig. 4a), cuboctahedra (Fig. 4b), and octahedra (Fig. 4c). The Pd
cubes show a peak current that is five times higher than that observed for the Pd
octahedra, while the Pd octahedra have a lower peak potential (0.15 V) than the Pd cubes
(0.36 V). The Pd cubes also have a sharper peak in the negative scan than the octahedra,
at 0.47 V, corresponding to the reduction of Pd oxide. The Pd cuboctahedra exhibit

properties intermediate between the cubes and octahedra.

In summary, we have demonstrated that by controlling the epitaxial overgrowth of a
secondary metal on well-faceted cubic Pt seeds, we can produce both conformal shape-
controlled overgrowth as well as anisotropic overgrowth depending on the degree of
lattice mismatch. This concept could be applied to other material systems (e.g. Rh, FePt,
CoPt), creating novel heterostructures for catalysis, optical, and magnetic applications

where shape control plays a crucial role.



Methods

Growth of Pt seeds

Cubic Pt seeds (13.4 nm face diagonal with 13% distribution) were synthesized as
described elsewhere.” Briefly, 100 mM aqueous tetradecyltrimethylammonium bromide
(TTAB) and 1 mM K,PtCly (Aldrich, 99.99%) was reduced by 30 mM NaBH, at 50°C.
Excess H; evolved from the reaction of water with NaBH4 was released by inserting a
needle into the septum capping the reaction vessel. After 6 hours, the reaction was
allowed to cool to room temperature and left overnight to promote the decomposition of
remaining NaBH,4 in water. Platinum nanoparticles were collected after removing larger
precipitates by centrifugation. The pH of the seed solution was lowered from ~9 to ~3 to
ensure decomposition of residual NaBH,4 by the addition of HCI, and then neutralized

with NaOH.

Small spherical Pt seeds (3.5 nm) were also prepared according to a method described
previously.* Reduction of H,PtCls-6H,0 (0.6 mM, 99.9%, Alfa Aesar) in an aqueous
solution of Pluronic L64 (EO;3PO30EQO,3, BASF) triblock copolymer (6 mM, 10 mL) was
achieved by the addition of NaBH4 (1 mg) while stirring at room temperature in a closed

vial. The reaction was left overnight before use.

Epitaxial overgrowth and shape-control of Pd shells

Conformal overgrowth of Pd on cubic Pt seeds was achieved by introducing Pt seeds
(100 pL) and L-ascorbic acid (50 pL of 100 mM solution) into an aqueous solution (5
mL) containing 100 mM TTAB and 0.5 mM K,PdCl, (Alfa-Aesar, 99.99%) that had been
heated at 50°C for 5 min. while stirring in a capped vial. The morphology of the Pd shell
was altered by increasing the amount of NO, added to the reaction conditions described
above. This was done either by addition of gaseous NO, or a 1:1 volume ratio of HCI
(12.1 M) and HNOs (15.7 M) (aqua-regia) that had been allowed to react for 4 hours. The
addition of aqua-regia in the following concentrations gave cubes (0 mM), cuboctahedra
(0.1 mM), and octahedra (1.0 mM). Alternatively, similar results could be obtained by
bubbling NO, (0.99% in He, Praxair) through H,O for 30 min. and then adding 10 pL of

this solution to the reaction to give Pt/Pd octahedra. For all reactions the total acid



concentration was held constant at 1 mM with the difference made up by the addition of
HNOs. All acids and NO;, were added to the TTAB solution before the Pd salt. Cubic
samples were removed from heat after 1 hr, and cuboctahedral and octahedral samples

after 2.5 hrs.

Growth of anisotropic Au rods

The Au rods were prepared by adding cubic Pt seeds (25 uL) into a solution (5 mL)
containing 100 mM TTAB, 0.25 mM HAuCls (99.9%, Alfa-Aesar) and 0.5 mM L-
ascorbic acid. The solution was shaken briefly in a capped vial, and Au reduction was
indicated by the development of a pale pink color within 30 sec. Reduction was allowed
to proceed for at least five minutes to give a deep purple/pink solution. Reactions were

performed at room temperature due to the fast reduction of Au by ascorbic acid.

Electrocatalytic formic acid oxidation

Electrochemical measurements were performed in 0.1 M H,SO4 and 0.2 M formic acid at
room temperature. A three-electrode cell was used with an Ag/AgCl reference electrode
and a gold wire as the counter electrode. The Pt/Pd core-shell nanoparticles (10 mL) were
washed and concentrated to 0.1 ml then deposited on a gold foil working electrode and
dried for 2 hrs. Cyclic voltammetry (CV) data were collected at a sweep rate of 50 mV/s
after stabilizing the CV curve through repetitive scans which acted to remove surfactant

molecules from the Pd surfaces.

Sample characterization

The structure and composition of the samples were investigated by XRD (Co Ka
radiation, D-8 GADDS general area detector, Bruker), SEM (FEI Strata 235 Dual Beam
FIB), TEM (JEOL 200CX and Tecnai G* S-Twin), HRTEM (Philips, CM200), and
HAADF-STEM (FEI monochromated F20 UT Tecnai). Samples were centrifuged and
washed with fresh TTAB solution and then water before resuspending in water and

drying on a silicon substrate for XRD and SEM, or a carbon coated copper grid for TEM.



Figure captions

Figure 1: Electron microscopy characterization of the shaped binary metal
nanocrystal. Well-defined cubic Pt seeds were used to direct the epitaxial overgrowth of
Pd to form Pt/Pd core-shell nanocubes. The overall morphology is shown by SEM (a),
and TEM (b) indicates the presence of a cubic Pt seed at the core of each particle.
Analysis by HAADF-STEM (c) gives the orientation of the cubic Pt seed within the Pd
shell. The Pt core stands out sharply in relation to the Pd shell due to the enhanced
contrast from the difference in atomic numbers between the two elements. The
orientation of the core and shell are modeled (d) with the axes projecting along the <100>
directions through the {100} faces of the central Pt cube. Control over the directed
growth of Pd on Pt nanocubes was achieved by the addition of increasing amounts of
NO, which altered the growth rates along the <100> and <111> directions to give Pt/Pd
core-shell cuboctahedra (e-h) and octahedra (i-1). The SEM images (e and 1) are provided
for clarification of the 3D morphology, and TEM images (f and j) to show the presence of
a Pt seed at the core of each particle. HAADF-STEM images give the orientation of the
cubic Pt seed within a Pd cuboctahedron (g) and octahedron (k). The Pt/Pd octahedron
(k) is oriented along the <111> zone axis with the Pt seed on a three-fold axis giving a

hexagonal projection. The corresponding models are provided (h and 1).

Figure 2: Phase constructions of a Pt/Pd cube showing a coherent and epitaxial
interface between the cubic Pt core and Pd shell. The (002) and (020) reflections from
the Fourier transform of the HRTEM image (a) were used to construct the corresponding
moiré images (b) and (c) which indicate that there are no visible distortions through the

expected Pt/Pd boundaries, shown by a dotted line in (a).

Figure 3: Epitaxial overgrowth of lattice mismatched Au on cubic Pt seeds to give
anisotropic growth of Au rods. The SEM image (a) shows an overview of Au rods
nucleated from cubic Pt seeds, magnified at inset (scale bar is 100 nm), with TEM image
(b) of multiple rods indicating that a single Pt cube is associated with each Au rod. The
HRTEM image (c) shows a single Pt cube partially embedded in the side of an Au rod.
The length of the rod is shown in (d), viewed down the <112>/<100> zone with
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continuous {111} fringes running parallel to the long axis, and the corresponding SAED
electron diffraction pattern (inset, discussed in text) with double-diffraction is indicative
of a pentagonally twinned particle. The magnified view of the (1-31) reflection (B) shows
an additional reflection arising from the Pt cube epitaxially oriented one of the five [112]

zones of the Au rod.

Figure 4: Catalytic activity of the Pt/Pd binary metal nanocrystals. The effect of
surface structure on the catalytic activity of the Pt/Pd core-shell nanoparticles was
investigated by electrochemical formic acid oxidation. Cyclic voltammograms for cubes
(a), cuboctahedra (b), and octahedra (c) were obtained at a sweep rate of 50 mV/s in 0.1

M H,SO,4 and 0.2 M formic acid.
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