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Hybridization provides an effective strategy for enhancing the
functionality of materialg.It is also possible to tune the electronic
and optical properties of nanoparticles by forming a hybrid system.
Palladium serves as a major catalyst in many industrial applications.
It has been shown that incorporation of Au into Pd nanoparticles
can reduce the material cost while enhancing their catalytic activity,
selectivity, and stability.Here we report the synthesis of PAu
hybrid nanostructures in a tadpole shape, with the head being a Au
nanoparticle and the tail being a Pd nanorod. The synthesis is based
upon the galvanic replacement reaction between single-crystal Pd
nanorods and AuGt ions. Different from previous systems that
involved Ag-based templates and AyClions? the Au atoms
resulting from the galvanic reaction did not coat the entire surface
of a Pd nanorod to generate a core-sheath or hollow structure.
Instead, the nucleation and deposition of Au was localized to the
end(s) of a Pd nanorod, leading to the formation of a-Rd o
tadpole. Figure 1. TEM images of (A) Pd nanorods and<®) samples that were

Figure 1A shows a TEM image of the initial Pd nanorods that obtained by titrating the Pd nanorods with different volumes of 0.4 mM
had an octagonal cross section, with the side surface enclosed byHAuCls solution: (B) 1, (C) 2, and (D) 4 mL. The scale bars in the insets
amix of {100 and{110} facets. They had an average diameter of Correspond to 20 nm.
4.0+ 0.3 nm and length of 17.4 2.4 nm (78% of them were
rods). The nanorods were synthesized by reducing Pd@ins
with ethylene glycol in water in the presence of poly(vinyl
pyrrolidone) (PVP) and Br ions® According to our proposed
mechanism, cuboctahedral seeds were formed in the nucleatio
stage, whose surfaces were passivated by iBns? Oxidative
etching due to the presence of oxygen (from air) and chloride (from
PdCL2") could break the cubic symmetry of a seed, leading to the
formation of an octagonal nanoréd.

Panels B-D of Figure 1 show TEM images of the products after

ends. Interestingly, a transition from two-end to one-end growth
was observed, producing a PAu tadpole consisting of a Au head
and a Pd tail (Figure 1C). In this case, Ostwald ripening occurred
for each nanostructure that shifted Au from one end to the other.
Mhis behavior was first proposed for the growth of Au tips on CdSe
nanorods and can be understood as the followimg: the Au heads
became bigger, their size difference also increased to create a
driving force for Ostwald ripenin§ The presence of a Pd segment
between the two Au heads greatly facilitates the ripening process
) . as Pd is a good conductor for electrons. After further addition of
the Pd nanor_o_ds had reacted W'_th different volumes O_f 0.4 mM HAuCI, (Figure 1D), more Pd consumption from the rods caused
HAUCI,. Specifically, after the addition of 1 mL of HAugAFigure deposition of more Au at the preformed Au heads, increasing their
1B), both ends of each Pd nanorod started to be enlarged anddiameter to 11 nm. At the same time, it can be observed that the

became rounded due to the deposition of Au via the following width and length of the Pd tails in Figure 1C and 1D (WA3.4

reaction: +0.4/11.9+ 1.8 and 2.9+ 0.4/11.6+ 2.5 nm, respectively: 75%
3Pd.. + 2AuCl,”,. .— 3P .. .+ 2Au.. + 8CI~ 1 of them were rods) were both reduced relative to the initial Pd
qs) 4 () () ) () @) nanorods (4.0 and 17.4 nm).

The nanorods shown in Figure 1B had an average diameter of 3.5 \When an excess amount of HAu®¥as introduced, the PgAu
+ 0.3 nm and length of 18.4 2.9 nm (75% of them were rods).  tadpoles were dismantled into smaller/shorter Pd nanorods and
It is important to note that Pd oxidation can occur from any place spherical Au nanoparticles (Figure S2). At this point, even though
on the entire surface of a nanorod, including {160 and{110 the amount of HAuGCJ added was enough to consume all the Pd
side faces and thgl0G ends. However, Au deposition only occurs — from the nanorods, complete Pd oxidation was not observed. This
at the ends (Figure S1). This can be attributed to the fact that the can be attributed to the coverage of side surface by Au atoms at a
electrons resulting from the oxidation of Pd tend to be separated |ate stage of the reaction, preventing the Pd nanorods from further
as far as possible (in this case, to the ends of a nanorod) due to &xidation. This is supported by STEM/EDS data (see discussion
strong repulsion between them. Pd is also a good conductor, inpelow), in which a small content of Au was detected along the Pd
which electrons can migrate freely. tail. It is worth pointing out that the samples shown in Figure 1C,D

As more HAuUC} was added, more Pd would be dissolved from  gppear to present fewer Au heads than Pd tails. It is possible that,
the nanorod accompanying the further deposition of Au onto both after the transition from two-end to one-end growth, Ostwald

t University of Washington. ripening of the Au.tips continu_ed to take place resulting in fewer,

* University of lllinois at Urbana-Champaign. large Au heads. It is also possible that each Pd nanorod was broken
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was observed because the electrons tend to be pushed to the ends
of the rod as a result of the repulsive forces. At a later stage, a
transition from two-end to one-end growth occurred as a result of
Ostwald ripening, leading to the formation of a-PAlu tadpole
composed of a Au head and a Pd tail. It is worth pointing out that
this localized deposition of Au is unique for Pd nanorods. No such
phase segregation was observed when Pd nanoparticles were used
in place of the rods. We note that a similar structure was also
observed by Wetz et a0 for the galvanic reaction between Co

head

nanorods and Au compounds. However, these authors did not

gl g | provide detailed elemental analysis on each hybrid nanostructure,

sl | [ A A did not observe the transition from two-end to one-end growth,

%3“ e and did not recognize the importance of rod shape in promoting

2 | the localized deposition of Au. It is expected that these-Rd
a ¥ . tadpoles, combining the properties from both Pd nanorods and Au
T ey kev) ¢ nanoparticles, may find use in catalysis and LSPR sensing owing
f@omic%)| a | b | c | d | e f to the exceptional sensitivity of Pd toward,.Hrhis method can

:S 927.'19 99?-55 9,%0 g";:g 95391 ga-?s also be extended to other metals, such as Pt, to produce a variety

) 2. (A) High ution TEM | ded al [110] for th of Pd-based hybrid nanostructures.
Figure 2. igh-resolution image recorded along or the ) .
Pd—Au tadpoles shown in Figure 1C. The insets show FFT operations for Acknowledgment. This work was supported in part by ACS
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two SPR peaks is relatively weak and can be neglected.

Figure 2A shows a high-resolution TEM image recorded along
the [110] axis (with respect to the Pd tail). It can be observed that
the hybrid nanostructure is a piece of single crystal. Due to a close
matching between thgl11} lattice spacings of Au and Pd (4%
mismatch), the Au atoms could nucleate and grow epitaxially from
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