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Advances in the siZzeand shapg control of solution-grown
nanocrystals have driven recent interest in the development of well-
defined multicomponent nanostructures. Composition control,
through the incorporation of two or more distinct nanostructured
components, represents an effective approach to tailoring the
chemical and physical properties of nanocrystals. The resulting
hybrid structures often have multifunctional capabilities with tunable
or enhanced properties.

Alloy and core/shell structures are two of the most fundamental
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for various materials with distinctive properties. For example, metal
alloy and core/shell nanoparticles have been demonstrated for
systems such as FePt and GoRloys® and Pt/Pd coreshell
particles* Analogous systems have also been shown for semicon-
ductor nanocrystals, including PhSe « alloys? CdSe/ZnS core

shell particle$, and other compositions. Recently, one of the
coauthors demonstrated a novel route to form heterostructures by £
the selective growth of metals on semiconducfofshis type of
metak-semiconductor composite combines two materials with
different properties to yield a unique hybrid nanostructure with new

to selectively grow metals on semiconductors through reduction,

physical deposition, or photochemistry. Some of the materials that

have been developed include ACdSe’ Au—CdS8 Au or Ag on % ; —_— et

ZnO? Co and Au on TiQ,2° and other systents. N Ve 2 Energy ey
Recently, Weller and co-workers demonstrated an organometallic _. ) ) L .

. . . Figure 1. Selective growth of Pt nanoparticles with different sizes on CdS
approach to prepare it nanocrystaks with magnetic properties nanorods, (A) CdS rods (120 nm 4 nm), (B) CdS with small single Pt
that are of interest for high-density data storage and other tips (4.3 nm), (C) CdS with larger double Pt tips (5.7 nm), (D) XRD patterns
applications. Additionally, bimetallic materials often exhibit proper- of CdS rods and PtCdS hybrid structures with corresponding CdS and Pt
ties distinct from their constituent metals. For example, NiPt bulk pattemns (stick patterns shown above and below, respectively), and
nanoparticles have potential application as catalysts, where theyg?)t;ile;ttfgggeﬁy%lzgsspectrum of asingle Pttip, with inset HRTEM image
show enhanced activity for oxygen reduction relative to pur€ Pt. '

Herein, we demonstrate the synthesis of three systemsCds,
PtNi—CdS, and PtCeCdS hybrid nanostructures with controllable

(TEM) image in Figure 1A. During the early stages of Pt growth,
. o . or at a low Pt concentration, Pt deposition appears to occur
size and composition. A mixture of Pt precursor and CdS rods was preferentially on one tip of the rods (Figure 1B). This can be
injected into diphenyl ether containing oleylamine andloleic acid understood by considering the distribution of Cd and S along the
at 200°C. The reactlc_)n was guenched after several mlnu_tes, and (001 _xis. The lattice planes along the axis are alternately composed
the F_)t_Cd?S composne separated from free metal partlc_les by of either Cd or S atoms, which makes growth at earlier stages more
centrlfugatlon. Ni or Co precursors COUld_ be ad_ded to the dlphc_enyl favorable on the S rich facets. Alternatively, due to the considerable
ether prior to heatmg to prlomote blmetfalhc PINi or EtCo formation length of the CdS rods relative to the metal particles, each tip may
(seg Supporting Informatlor! for experimental deta|ls_). act as an isolated nucleation site independent of the opposite tip.
Figure 1 shows the selective growth of Pt ngnopart_lcles (4‘_3 nm) Therefore, if the concentration of metal precursors is low enough
on Cd? hanorods (120 nm 4 nm). The anlsot_roplc Wu_rtthe that some of the rods do not experience metal growth on either tip,
c_rystalllne structure of the_ (_:dS allows for sele.ct|v.e chemistry on then, statistically, the remainder of metal nucleation will occur on
different facets. The reactivity of the nanorods is higher at the tips only one of the tips. Increasing the amount of Pt relative to the
than along the body of the rod due to the increased surface energy . ncentration of CdS rods leads to two sided growth (5.7 nm), as
which also leads to preferential growth along f@1Caxis of the shown in Figure 1C.
CdS rods, as can be seen in the transmission electron microscopy The XRD patterns in Figure 1D for pure CdS rods and the Pt

CdS heterostructures agree well with the bulk CdS wurtzite crystal

T Department of Chemistry, University of California at Berkeley. _ ; ; ;
* Materials Science Division, Lawrence Berkeley National Laboratory. structure and face-centered cubic Pt. SeleCt_ed area ent_erg_y dls_perswe
§ The Molecular Foundry, Lawrence Berkeley National Laboratory. X-ray spectroscopy (EDS) performed on a single metallic tip (Figure
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Figure 2. TEM images of binary-CdS hetrostructure nanoparticles with
different sizes and compositions: (A) PtNCdS (4.7 nm), (B) PtN+CdS
prepared with increased metal concentration showing a loss of selectivity,
(C) selected area EDS spectrum taken on the tip of a-R&dIS hybrid
structure, (D) PtCeCdS (5.2 nm), (E) larger PtCaCdS (7.2 nm), and
(F) selected area EDS spectrum of a Pt@alS heterostructure.
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1E) indicates that the tip contains Pt. High-resolution TEM
(HRTEM, Figure 1E inset; see Figure S1A for enlarged image)
confirms that both the CdS rod and the Pt tip are crystalline. The
growth axis of the CdS nanorods is along tf®1]direction,
although the metal tips do not appear to have any preferential
orientation with the rods.

Growth of binary metals on semiconductors may be of particular
interest for photocatalytic and photovoltaic applications. Figure 2
shows the selective growth of PtNi and PtCo on CdS nanorods. As
described earlier for Pt, selective growth of the binary material can
be achieved by adding the desired metal precursor to the growth
solution prior to heating. Small PtNi nanoparticles (4.7 nm) were
grown with high selectivity on the tips of the CdS rods (Figure
2A). At lower metal concentrations, PtNi also exhibits growth on
only one of the tips. As the amount of PtNi is increased relative to
the CdS rod concentration, however, growth occurred along the
body of the rod as well as at the tips (Figure 2B). Selected area
EDS shows the presence of both Pt and Ni in the tip (Figure 2C,
representative HRTEM inset; see Figure S1B for enlarged image).
Analysis on a larger sampling of tips gives an average of 25% Ni
relative to Pt.

Hybrid structures of PtCeCdS were prepared in the same
manner. Unlike the PtNiCdS system, however, PtCo exhibited a
high degree of selectivity for nanocrystal tips of sizes 5.2 and 7.2

nm shown here in Figure 2D and E. Selected area EDS performed
on one of the smaller tips shows the presence of both Pt and Co

(Figure 2F, representative HRTEM inset; see Figure S1C for
enlarged image). The size variation in the PtCo tips from 5.2 to

7.2 nm was accompanied by a change in composition (determined

by EDS on a larger sampling of tips) from 30% to 50% Co relative

to Pt, respectively. Altering the composition of the tips could have
a direct effect on the catalytic activity of these materials. The XRD
measurements performed on the binary metal structures (Figure S2)
provide evidence for the presence of crystalline CdS and Pt. There
was no evidence for pure Ni or Co phases or their respective oxides.
Analysis by selected area EDS clearly indicates the presence of Ni
(Figure 2C) or Co (Figure 2F) in the tips of the PtNedS and
PtCo—CdS hybrid structures, respectively.

The synthesis described here differs from the previous approach
used to grow Au on CdSeAttempts to grow Pt onto CdSe at room
temperature with didodecyldimethylammonium bromide and dode-
cylamine in toluene resulted in no reduction. Also, the attempts to
grow Au on CdS resulted in growth of metal clusters over the entire
rod, with less selectivity for the tips. The advantages of the approach
used here, include high growth selectivity, retention of the rod size
because of the absence of etching, and control over the composition
of the metal tips.

The development of PtCdS, PiNi~CdS, and PtCeCdS
multicomponent hetrostructures, and multicomponent nanostructures
in general, is an emerging field in nanoscience. Systems like these
represent a new class of materials, where catalytic metals are paired
with a semiconductor material within the same structure. These
heterostructures are of special interest for a variety of applications
including photocatalysis, water splitting, and magnetic applications.
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