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H
eterostructured nanocrystals com-
posed of semiconductor and metal-
lic colloids have generated con-

siderable interest as a route to prepare
nanocomposites with controllable place-
ment of disparate nanoinclusions and
electronically coupled interfaces.1�3 These
materials are of particular interest in photo-
electrochemical energy and photocatalysis,
as charge transfer processes can be directed
across nano-Schottky, or p�n junctions.4�23

Recent advances in synthetic colloid chem-
istry have enabled the preparation of a wide
range of heterostructured nanorods,24�38

heterodimeric nanoparticles,39�52 core�
shell colloids,8�11,42�44,53�59 and coated 1-D
nanomaterials.30,60�62 Heterostructured col-
loids composed of semiconductor nano-
rods tipped with magnetic63�68 or noble
materials19�21,68�77 in either “matchstick” or
“dumbbell” topologies have received recent
attention as a route towell-defined 1-D nano-
crystals. The seminal work of Banin et al.
demonstrated the preparation of dumbbell
heterostructured nanorods by the tipping of
CdSe nanorods with various terminal metal
nanoparticles (NPs).76�79 Mokari et al. further
expanded on the scope of these materials
by the incorporation metal NP tips (Au, Pt,
Pd, etc.) onto extended CdSe and CdS
nanorods.66,69 Cozzoli and Manna et al. de-
monstrated the preparation of heterostruc-
tured nanorods by the combination of a wide
range of materials based on Au, CdS, CdSe,
TiO2, metallic Co, iron oxides, and CdSe@CdS
seeded nanorods.64,65,71 In general, these

approaches utilized a preformed semicon-
ductor nanorod precursor, which was then
used to selectively seed the growth of dis-
paratenanoparticle tips requiringappropriate
matching of the colloidal components and
determination of optimal conditions.
Incorporation of cobalt nanoparticles

(CoNPs) into colloidal semiconductor het-
erostructures was first demonstrated by the
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ABSTRACT A methodology providing ac-
cess to dumbbell-tipped, metal�semiconduc-
tor and metal oxide�semiconductor hetero-
structured nanorods has been developed. The
synthesis and characterization of CdSe@CdS
nanorods incorporating ferromagnetic cobalt nanoinclusions at both nanorod termini (i.e., dumbbell
morphology) are presented. The key step in the synthesis of these heterostructured nanorods was the
decoration of CdSe@CdS nanorods with platinum nanoparticle tips, which promoted the deposition of
metallic CoNPs onto Pt-tipped CdSe@CdS nanorods. Cobalt nanoparticle tips were then selectively
oxidized to afford CdSe@CdS nanorodswith cobalt oxide domains at both termini. In the case of longer
cobalt-tipped nanorods, heterostructured nanorods were observed to self-organize into complex
dipolar assemblies, which formed as a consequence of magnetic associations of terminal CoNP tips.
Colloidal polymerization of these cobalt-tipped nanorods afforded fused nanorod assemblies from the
oxidation of cobalt nanoparticle tips at the ends of nanorods via the nanoscale Kirkendall effect.
Wurtzite CdS nanorods survived both the deposition of metallic CoNP tips and conversion into cobalt
oxide phases, as confirmed by both XRD and HRTEM analysis. A series of CdSe@CdS nanorods of four
different lengths ranging from40 to 174 nmand comparable diameters (6�7 nm) were prepared and
modified with both cobalt and cobalt oxide tips. The total synthesis of these heterostructured
nanorods required five steps from commercially available reagents. Key synthetic considerations are
discussed, with particular emphasis on reporting isolated yields of all intermediates and products from
scale up of intermediate precursors.

KEYWORDS: heterostructured nanorods . dipolar assembly . ferromagnetic
nanoparticles . CdSe@CdS . colloidal polymerization
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direct deposition of terminal metal NP tips onto nano-
rod precursors. Soulantica and co-workers treated
CdSe nanorods with cobaltocene complexes under
an H2 atmosphere to deposit a single CoNP onto the
CdSe nanorod.67 Cozzoli et al. exposed CdSe@CdS
nanorods to a surfactant-free environment chosen to
etch and activate nanorod termini for Co deposition.64

When conducted in the presence of cobalt precursors,
this etching step resulted in activation of the sulfur-
rich nanorod termini with concomitant deposition of
a single CoNP tip on each nanorod. The absence
of ligands or a coordinating solvent combined with
tight control of reactant concentrations over time
(via syringe pump delivery of Co2(CO)8) was essential
in driving the formation of Co tips and suppression
of self-nucleation of unattached free CoNPs. Optimiza-
tion resulted in asymmetric Co-tipping at one termi-
nus of each rod (matchstick morphology) with high
fidelity.
Earlier reports demonstrated the use of noble metal

NPs as seeds for the overcoating of cobalt metal and
metal oxides to form core�shell NPs.80�83 Kim et al.
reported that ligand-capped AuNPs served as efficient
seeds for the preparation of dipolar core�shell Au@
CoNPs using polymeric ligands.84 Given the extensive
reports on the deposition of noble metals (e.g., Au, Pt)
onto the terminal ends of semiconductor nanorods
(e.g., CdS, CdSe@CdS, CdSe),1,66,76,77,79,85,86 numerous
combinations of materials can be utilized to promote
deposition of other metals (e.g., Fe, Co) onto semicon-
ductor nanorods. Recently, Chan et al. reported the
deposition and simultaneous oxidation of FeNP tips
onto Au-tipped CdSe@CdS nanorods in a dumbbell
type morphology, which clearly demonstrated the
advantages of using noble metal tips on CdSe@CdS
nanorods to promote the deposition of magnetic
colloidal shells.68

Herein, we demonstrate the synthesis of CdSe@
CdS nanorods with magnetic cobalt domains at both

termini (dumbbell morphology). Modification of CdSe@
CdS nanorods was chosen (versus CdS or CdSe
nanorods) due to the enhanced photoelectrochemical
and photocatalytic properties reported for these het-
erostructured nanorods.4 Terminal cobalt domains
were then selectively oxidized to afford CoxOy-tipped
nanorods without degradation of the CdSe@CdS nano-
rod (Scheme 1). Native CdSe@CdS nanorods decorated
with PtNP tips enabled the selective deposition of
metallic cobalt nanoparticles (CoNPs) as a colloidal
shell around PtNP tips, providing an efficient metho-
dology to incorporate CoNPs onto CdSe@CdS nano-
rods at both nanorod termini. The mechanistic aspects
of PtNP-tip deposition onto CdSe@CdS nanorods are
discussed, as this key modification was essential for
selective deposition of cobalt and cobalt oxide nano-
inclusions at both termini. In this multistep synthesis,
dicobaltoctacarbonyl (Co2(CO)8) was used as the CoNP
precursor, since this reagent was commercially avail-
able and amenable to conditions employed for cobalt
deposition reactions.
Furthermore, this report focuses on the synthetic

aspects of the total synthesis of these heterostructured
nanorods, where highly detailed experimental proce-
dures are included in the Supporting Information. A
fundamental challenge in the field of nanoparticle
chemistry pertains to the small reaction scales typically
utilized to prepare inorganic nanomaterials. This often
leads to omission of basic, critical information, such as
isolated yields of intermediates and products, which
impedes reproduction of reported synthetic methods.
This issue for this report was obviated by developing
conditions to scale up the preparation of key inter-
mediates, enabling isolated yields in the range of
100�350 mg. To our knowledge, this level of synthetic
detail has not been reported for these types of colloids
and is an important step to facilitate wider utilization of
these synthetic methods by the materials chemistry
community.52,87

Scheme 1. Five-step synthesis of CoxOy-tipped nanorods with dumbbell morphology. CdSe quantum dot seeds (D =
2.3�2.7 nm) were used to form heterostructured CdSe@CdS nanorods of varying length (40�174 nm). PtNP deposition
onto CdSe@CdS nanorod termini was then conducted for the series of CdSe@CdS nanorods to enable cobalt deposition.
Selective oxidation of cobalt-tipped nanorods afforded the final product. Isolated yields for each intermediate and the final
product are listed above. Abbreviations: (TOPO) trioctylphosphine oxide, (TOP) trioctylphosphine, (HPA) n-hexylphosphonic
acid, (ODPA) n-octadecylphosphonic acid, (OLAC) oleic acid, (OLAM) oleylamine, (HDD) 1,2-hexadecanediol, (DPE) diphenyl
ether, (PS-COOH) carboxylic acid-terminated polystyrene, (DCB) 1,2-dichlorobenzene.
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RESULTS AND DISCUSSION

CdSe@CdS Nanorods. Ligand-capped CdSe@CdS nano-
rods were prepared using a modified method from
Manna et al.,28 where CdSe quantum dots (diameter =
2.3�2.7 nm)were used to seed the growth of nanorods
of varying length (nanorod length (L) = 40( 4, 77( 10,
126 ( 13, 174 ( 19 nm; population of sampled rods
(n) = 100 for size distribution analysis). This series of
CdSe@CdS nanorods all possessed comparable nano-
rod diameters (nanorod diameter (D) = 6�7 nm).
Increasing the scale and isolated yields of CdSe@CdS
nanorods was a crucial development to enable access
to sufficient quantities ofmaterial to complete the total
synthesis. Synthetic modifications to currently pub-
lished methods were developed that enabled isolated
yields of 300�350 mg for all nanorod lengths (see
Supporting Information, Section 1c, Table S1).

Platinum-Tipped CdSe@CdS Nanorods. The deposition of
metallic PtNPs onto the termini of CdSe@CdS nanorods
was conducted onto a series of nanorod precursors
with varying lengths (40�174 nm). The incorporation
of PtNP tips onto CdSe@CdS nanorods proved to be a
critical step to enable efficient deposition of metallic
CoNPs onto semiconductor nanorods. A modified
method from Mokari et al. was used to prepare nano-
rods consisting of the hot injection of Pt(acac)2 and
CdSe@CdS nanorods (1:1 wt ratio) into diphenyl ether
containing 1,2-hexadecanediol, oleic acid, and oleyla-
mine at 225 �C.66 The deposition of PtNP tips onto
CdSe@CdS nanorods appeared to be independent of
nanorod length, enabling application of similar condi-
tions for the series of CdSe@CdS nanorods. Mixtures of
one sided PtNP-tipped nanorods (matchsticks) and
two-sided PtNP-tipped nanorods (dumbbells) were
formed. This mixture was found to be sufficient to
drive the nearly quantitative formation of CoNP-tipped
dumbbells after treatment with Co2(CO)8.

Initially, it was anticipated that the formation of
PtNP tips on both ends of CdSe@CdS nanorods would
be necessary to promote selective deposition of CoNP
tips onto both nanorod termini. Earlier work by Banin
et al. revealed that under air-free conditions preferen-
tial deposition of a single AuNP tip onto a CdS nanorod
terminus occurred onto the sulfur-rich face of the
nanorod to form matchstick-tipped nanorods.79 This
study further indicated that two-sided, AuNP-tipped
CdS dumbbell nanorods could be formed under aero-
bic conditions via etching of Cd-rich nanorod faces by
reagents/ligands used in theAuNPdeposition reaction,
which activated both termini for AuNP tip deposition.
However, in this report, longer reaction times also
resulted in the lateral deposition of AuNPs. Hence,
anaerobic conditions were chosen to avoid lateral
decoration of nanorods with PtNPs, and an excess of
Pt(acac)2, oleylamine, and oleic acid under argon were
used to promote deposition of PtNP tips onto both

ends of the nanorod. It was anticipated under these
conditions that the initial deposition of the first PtNP
tip would occur onto sulfur-rich lattice facets, followed
by chemical etching of the cadmium-rich lattice facets
to deposit the second PtNP tip to form dumbbell-type
nanorods.70,79,86 However, despite the addition of ex-
cess Pt(acac)2, ligands, and 1,2-hexadecanediol relative
to CdSe@CdS nanorods, a mixture of nanorods con-
taining both one-sided matchsticks and two-sided
PtNP dumbbell morphologies was observed from
low-resolution TEM (Figure 1).

High-resolution TEM (HRTEM) indicated the pre-
sence of polycrystalline PtNP tips with particle diam-
eters in the range 2�5 nm (Figure 1) of varying
contrast. A survey of the gross morphology of a small
population of heterostructured nanorods (124 nano-
rods: L = 45( 3 nm; D = 7( 1 nm) from TEM revealed
the formation of one-sided Pt-tipped CdSe@CdS
matchstick nanorods as the major product (60%) with
a significant fraction of two-sided Pt-tipped CdSe@
CdS dumbbell nanorods (38%) and a small portion
of unmodified CdSe@CdS nanorods (2%). A signifi-
cant excess of free, ligand-capped PtNPs was also
formed and subsequently removed by precipitation
of Pt-tipped nanorods in a mixed solvent system
of toluene/EtOH (3.5:1) followed by centrifugation
(Supporting Information, Section 1d). Short reaction
times of 8 min were used despite affording both Pt-
tipped matchstick and dumbbell nanorods since these
mixtures were sufficient to enable selective and high-
yielding two-sided deposition of metallic CoNP tips in
the subsequent step. Dimensional changes in nano-
rods were not observed under the conditions and
reaction times used in the Pt deposition step.

Cobalt- and Cobalt Oxide-Tipped Nanorods. As noted ear-
lier, cobalt deposition reactions directly onto CdSe@
CdS nanorods were unsuccessful and hence required
pretreatment with PtNP tips (see Supporting Infor-
mation, Figure S17). Therefore, cobalt deposition reac-
tions using mixtures of both one- and two-sided
Pt-tipped nanorods (four separate reactions with
parent nanorod lengths from 40 to 174 nm) were
conducted via the thermolysis of Co2(CO8) in the
presence of carboxylic acid terminated polystyrene
(PS-COOH) ligands. For all nanorod lengths, nearly
quantitative two-sided deposition of metallic CoNP
tips on the termini of Pt-tipped CdSe@CdS nanorods
was observed. Surprisingly, the predominant forma-
tion of dumbbell-tipped nanorods with CoNPs
at each terminus was observed by TEM despite the
apparent distribution of PtNP tips (dumbbell, match-
stick, and unmodified nanorods, Figure 2).

In the synthesis of CoNP-tipped nanorods, isolated
PtNP-tipped CdSe@CdS nanorods of lengths 40, 77,
126, and 174 nm were dispersed in DCB containing
PS-COOH ligands (Mn = 12,500; Mw/Mn = 1.14) pre-
pared by atom transfer radical polymerization. After
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heating to 173 �C, a room-temperature solution of
dicobaltoctacarbonyl (Co2(CO)8) in DCB was then in-
jected into themixture, resulting in a temperature drop
to 160 �C, which was maintained until the end of the
reaction. Using these conditions, the diameter of CoNP
tips was found to be in the range 12�19 nm regardless
of nanorod length, where the products exhibited a
dumbbell-type morphology. At feed ratios of 10:1 by
weight of Co2(CO)8 to PtNP-tipped CdSe@CdS match-
stick and dumbbell nanorods, selective growth of
CoNPs was observed to proceed onto the tips of
CdSe@CdS nanorods, without the formation of free
CoNPs (Figure 2a�d). Consequently, higher feed ratios
of Co2(CO)8 to PtNP-tipped CdSe@CdS (e.g., 12:1 by wt)
resulted in CoNP deposition onto nanorod tips with
concomitant growth of free CoNPs, where free, un-
bound CoNPs were stabilized by PS-COOH ligands.
Additionally, we observed selective Co deposition onto
nanorod tips for Pt-tipped CdSe@CdS nanorods with
lengths below 100 nm (Figure 2a,b), while longer

nanorods (126 and 174 nm) resulted in both terminal
deposition of CoNP tips and lateral deposition along
the length of the CdSe@CdS nanorods. Cozzoli et al.
observed similar trends for CdSe@CdS nanorods in this
size regime, where the deposition of metallic CoNPs
was observed exclusively on the sides of nanorodswith
bare nanorod termini still exposed.64 To explore the
possibility of suppressing lateral deposition of metallic
CoNPs along the length of nanorods, a separate batch
of Pt-tipped CdSe@CdS nanorods (L = 156 ( 20 nm,
n = 100; with both matchstick and dumbbell PtNP
morphologies) was prepared and then treated with
Co2(CO)8 and PS-COOH at lower feed ratios (6:1 by wt).
From these conditions CoNP tips (16 ( 2 nm, n = 100)
were deposited almost exclusively onto both ends
of Pt-tipped nanorods, with a very small fraction of
laterally decorated CoNPs, demonstrating the en-
hanced flexibility in synthetic conditions afforded
by using PtNP tips to seed formation of CoNP tips.
Interestingly, we observed self-organization of these

Figure 1. Asymmetrically platinum-tipped CdSe@CdS nanorods. (a) Arrows direct the reader to the variety of asymmetric
Pt-tipmorphologies found in a representative sample (nanorods: L= 45( 3 nm;D = 7( 1 nm; n= 100). The inset graph shows
the relative percentages of doubly, singly, and untipped nanorods (38:60:2, respectively, based on 124 heterostructures
examined). (b�e) HRTEM of Pt-tipped nanorods (nanorods: L = 126 ( 13 nm; D = 7 ( 1 nm; n = 100). Dumbbell Pt-tipped
nanorodswere observed to have different sized tips on each end, as shown in c (boxes are 5 nm square). Irregularly shaped Pt
tips were far more common than spherical tips. Scale bars: a, b, 100 nm; c�e, 10 nm.
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cobalt-tipped nanorods to form a number of box and
short-chain assemblies as a consequence of the dipolar
nature of magnetic tips on the ends of these higher
aspect ratio nanorods (Figure 3a,c).

Cobalt oxide-tipped nanorods were obtained by
the solution oxidation of cobalt-tipped nanorods.
CoNP-tipped dumbbell nanorods were dispersed in
DCB, heated to 173 �C, and bubbled with O2 for 24 h to
oxidize metallic Co tips. TEM confirmed the dimen-
sional expansion of Co tips into hollow spheres with
shells consisting of polycrystalline cobalt oxide (CoxOy)
phases (15�23 nm) due to the nanoscale Kirkendall
effect (Figure 3b,d). This phenomenon resulted from
the mismatch in kinetics of Co diffusion out of the
nanoparticle (by vacancy exchange) versus O2 diffu-
sion rates into the particle during the oxidation
reaction.57,88�90 We previously observed the colloidal
polymerization of our dipolar, polystyrene-coated
CoNPs where oxidation resulted in the formation of
hollow cobalt oxide nanowires with fusion of nanopar-
ticle repeating units, as a consequence of the nano-
scale Kirkendall effect.57,91 Hence, in this system,
oxidation of cobalt-tipped nanorods afforded a core�
shell morphology composed of a PtNP core and cobalt
oxide shell at the tips of nanorods. For longer nanorods
(126 and 174 nm) exposed to identical conditions,
laterally attached CoNPs were also oxidized, resulting
in the formation of hollow CoxOy spheres without PtNP
inclusions (Figure 2e�h). In all cases, we observed that
the CdSe@CdS nanorods survived the cobalt deposi-
tion and oxidation reactions to enable formation of the
desired heterostructured product, as confirmed from
HRTEM and XRD. In the case of cobalt oxide-tipped
nanorods of longer lengths of CdSe@CdS precursors

(L = 156 ( 20 nm, n = 100), the formation of nanorod
networks was observed, where fused cobalt oxide NP
tips on nanorods permanently linked nanorods to-
gether. The presence of PtNP tips in the majority of
nanorods could be imaged in the center of the lower
contrast CoxOy tips (Figure 3b,d). These fused nano-
rod assemblies from cobalt oxide NP tip junctions
formed as a consequence of the dipolar assembly
of CoNP-tipped nanorods, which were captured in
solution during oxidation (Figure 3b) as previously
observed for dipolar ferromagnetic cobalt nano-
particles.91 Interestingly, colloidal polymerization of
these heterostructured CoNP-tipped nanorods re-
vealed the formation of end-to-end nanorod assem-
blies, which carried the semiconducting nanorod
functionality into the polymerized cobalt oxide net-
work. This phenomenon is among one of the few
examples of a creating well-defined p�n junctions,
which arise from the precise structure of nanorod
colloidal monomers.30,84,91�97

High-angle annular dark field scanning transmis-
sion electron microscopy (HAADF-STEM) and high-
resolution transmission electron microscopy were uti-
lized for structural analysis of the composition of
cobalt- and cobalt oxide-tipped heterostructured
nanorods. HAADF-STEM (Figure 4) of the nanorod
products after the cobalt deposition reaction exhibited
a complex core�shell morphology containing a bright
core, corresponding to PtNP tips positioned in the
center of a lighter contrast shell composed of metallic
cobalt with a thin passivation layer of cobalt oxide/
hydroxide formed from exposure to air (Figure 4c).
HAADF-STEM imaging confirmed the distribution of
matchstick and dumbbell PtNP-tipped CdSe@CdS

Figure 2. (a�d) Four lengths of cobalt-tipped nanorods with dumbbell morphology before (a�d) and after (e�h) the
selective oxidation of cobalt. Nanorod dimensions: (a, e) L = 40( 4 nm,D = 6( 1 nm; (b, f) L = 77( 10 nm,D = 6( 1 nm; (c, g)
L = 126( 13 nm,D = 7( 1 nm; (d, h) L = 174( 19 nm,D = 6( 1 nm. Cobalt diameters: (a)D = 12( 3 nm; (b)D = 19( 4 nm; (c)
D=17(5nm; (d)D=14(3nm; cobalt oxidediameters: (e)D=19(4nm; (f)D=22(5nm; (g)D=20(5nm; (h)D=19(4nm.
All scale bars are 100 nm, and a minimum of 100 particles were analyzed to obtain each size distribution.

A
RTIC

LE



HILL ET AL . VOL. 6 ’ NO. 10 ’ 8632–8645 ’ 2012

www.acsnano.org

8637

nanorods, as noted by the absence of bright PtNP
cores in a fraction of the cobalt-tipped nanorods
(Figure 4b).

HRTEM and analysis of the power spectra (PSs,
defined as the square of the Fourier transform of the
HRTEM image data) of cobalt- and cobalt oxide-tipped
nanorods confirmed the connectivity andmorphology
of the desired product (Figure 5). The presence of intact
wurtzite CdS nanorods was proven by the PSs of the
regions indicated by the circle in Figure 5, which were
characteristic of the wurtzite structure imaged along
the [010] zone axis (Figure 5b and d). As expected from
previous studies, the long axis of the nanorod was
parallel to the wurtzite [001]. It is also important to
stress that the CdS nanorods were not affected by the
oxidation treatment, as denoted by the similarity of the
HRTEM and the PSs of the nanorod regions before and
after the reaction. Previous to the oxidation treatment

the nanorods were tipped with metallic CoNPs. In
the particular example shown in Figure 5a, a CoNP
tip was deposited onto a CdSe@CdS nanorod that did
not contain a PtNP tip as the seed. The nanorod in
Figure 5c was tipped with a polycrystalline shell of
rocksalt CoO with a face centered cubic (fcc) core of
Pt. The PS from a part of the outer oxidized shell
(Figure 5e) showed several reflections with d-spacing
corresponding to the 111, 200, and 220 of the CoO
rocksalt structure. The CoO crystallite size extracted
from HRTEM images was found to be smaller than
3 nm. The center of the tip displays higher contrast
than the shell, and the PS presents a sharp 111 family
of reflections characteristic of the Pt fcc structure
(Figure 5f). This PS also shows some diffuse and low-
intensity spots attributed to the 111 reflections of CoO,
confirming that the polycrystalline CoO shell grew
homogeneously around the Pt tip.

Figure 3. Longer (156( 20 nm; n = 100) Co-tipped nanorods with little to no lateral Co inclusions before (a, c) and after (b, d)
oxidation. Lateral cobalt inclusions were suppressed by reducing the concentration of cobalt precursor in the cobalt-tipping
step.
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Characterization of the intermediates and products
of this multistep total synthesis of cobalt oxide-tipped
nanorods was also conducted using thermal gravi-
metric analysis (TGA), vibrating samplemagnetometry,
optical spectroscopy, and XRD, which confirmed the
preparation of the desired dumbbell nanorod product
(details are available in the Supporting Information,
Sections 2�5, respectively).

Control Experiments. Control experiments were con-
ducted to confirm the need for using Pt-tipped
CdSe@CdS nanorods for the deposition of CoNPs with
PS-COOH ligands. Attempts to directly deposit CoNP
tips onto CdSe@CdS nanorods via the thermolysis of
Co2(CO)8 using PS-COOH ligands afforded only non-
attached, free CoNPs along with the bare nanorods
(Supporting Information Figure S17a,b). Additionally,

CoNP deposition experiments using blends of unmo-
dified CdSe@CdS and PtNP-tipped CdSe@CdS nano-
rods afforded mixtures of bare CdSe@CdS nanorods
and two-sided CoNP-tipped nanorods (Supporting In-
formation Figure S17c,d). Furthermore, an entire series
of control experiments investigating the effects of key
reagents in the PtNP deposition step were conducted
and correlated with efficacy of seeding the growth of
two-sided CoNPs (see Supporting Information Figures
S18�S20). The effect of other experimental parameters
in the PtNP deposition step, such as exposure to light
and oxygen, was also investigated (see Supporting
Information Figure S21).79,86,98 This series of experi-
ments confirmed the advantages of using PtNP tips on
CdSe@CdS nanorods as seeds to promote selective
deposition of metallic CoNP tips and confirmed that
the thermolysis of Co2(CO)8 using PS-COOH ligands at
T= 173 �C inDCBwas dramatically altered by growth in
the presence of PtNP-tipped CdSe@CdS nanorods.

Kinetic Investigations into Pt-Deposition Reactions and Cor-
relation with CoNP-Tipping Topology. While the synthetic
methodology described in previous sections enabled
efficient synthesis of CoNP- and CoONP-tipped nano-
rods, a number of synthetic andmechanistic questions
arose that warranted deeper investigation. It is known
that metal-tipped matchstick II�VI semiconductor
nanorods (e.g., CdSe, CdS, CdSe@CdS) are accessible
due to preferential deposition of metals onto chalco-
gen (e.g., Se, S)-rich facets of semiconductor nanorod
termini.64,66,74,79 However, enhanced ligand coverage
of the metal-rich (Cd-rich) facets at the diametrically
opposed ends of chalcogenide nanorods was ob-
served to inhibit metal deposition.99 Consequently,
the symmetric deposition of metal NP tips of identical
particle size is significantly more challenging, as ev-
idenced by the limited number of systems that
have been developed.66,68,74 Since control experiments

Figure 4. (a�c) HAADF-STEM images of Co-tipped nano-
rods reveal a distribution of core@shell tips and purely
Co tips. Nanorod dimensions: L = 40 ( 4 nm, D = 6 ( 1 nm,
n = 100; cobalt diameter: D = 12( 3 nm, n = 100.

Figure 5. HRTEM and power spectrum analysis used to determine the crystalline phases in (core@shell) (a, b) Pt@Co-tipped
and (c�f) Pt@CoO-tipped nanorods. Nanorod dimensions: L = 40 ( 4 nm, D = 6 ( 1 nm, n = 100; cobalt diameter: D = 12 (
3 nm, n = 100.
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confirmed that unmodified CdSe@CdS nanorods were
unable to seed the growth of CoNP tips, the synthetic

parameters central to the PtNP-tip formation were
revisited. The initial hypothesis that two-sided

Figure 6. Temporal resolution of “unactivated”matchstick PtNP-tipped nanorods from “activated” matchstick PtNP-tipped
rods. (A�C) Reaction schemes for products shown by TEM below. (A) Allowing the platinum-tipping reaction to run for up to
1 min results in primarily matchstick PtNP-tipped nanorods and free nanorods. Treating this mixture with Co precursors
results in matchstick CoNP-tipped products and free nanorods. (B, C) Longer Pt-tipping reaction times result in mixtures
of PtNP-tipped products that are subsequently dumbbell CoNP-tipped. (a�c) Products of the platinum-tipping reaction after
(a) 45 s, (b) 8min (normal reaction time), and (c) 30min. (d�f) Products of cobalt-tipping the above platinum-tipped products:
(d) primarily matchstick Co-tipped; (e, f) primarily dumbbell Co-tipped. All scale bars are 100 nm.
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PtNP-tipped CdSe@CdS nanorods would be required
to form two-sided CoNP-tipped nanorod dumbbells
was inconsistent with the experimental finding that
the as-synthesized mixture of matchstick and dumb-
bell Pt-tipped CdSe@CdS nanorods afforded high
yields of two-sided CoNP-tipped dumbbell nanorods.
The remaining question of interest was the nature of
apparently one-sided PtNP-tipped CdSe@CdS match-
stick nanorods that promoted two-sided deposition of
CoNP tips onto nanorods.

To interrogate these mechanistic questions, a ki-
netic investigation of the PtNP deposition reaction
onto CdSe@CdS nanorods (L = 43 þ 4 nm; D = 5 þ
1 nm) was conducted to ascertain if the formation of
one-sided Pt-tipped matchstick nanorods could be
temporally resolved from two-sided Pt-tipped dumb-
bell nanorods. After very short reaction times (1 min), a
mixture of bare CdSe@CdS nanorods (approximately
20%) and one-sided Pt-tipped CdSe@CdS matchstick
nanorods (approximately 70%) was observed, where
the size of PtNP tips were found to be 2�3 nm from
TEM. At longer reaction times, PtNP-tip growth was
statistically accompanied by PtNP deposition onto the
opposing nanorod terminus. Longer reaction times
resulted in the growth of existing PtNP tips and
formation of additional PtNP tips per nanorod on
average. In the case of nanorods with two PtNPs
attached to the same terminus, longer reaction times
resulted in the coalescence of the individual PtNP tips
into larger, irregularly shaped PtNP tips. The morphol-
ogy of these resulting asymmetrically tipped structures
was observed by TEM (similar to Figure 1d,e) after
reaction times of 8 min. TEM of reaction mixture
aliquots indicated the populations of bare CdSe@
CdS nanorods, one-sided PtNP-tipped nanorods, and
two-sided PtNP-tipped nanorods were observed to
plateau after 8 min, which over a small population of
141 nanorods afforded ratios of 4:66:30, respectively.
Longer reaction times (30 min) did not afford a higher
yield of two-sided Pt-tipped nanorods, where the ratio
of bare nanorods to one- and two-sided PtNP nanorods
remained essentially unchanged (see Figure 6b,c and
Supporting Information Figure S23).

CoNP deposition experiments were then con-
ducted for three different Pt-tipped nanorods that
were quenched at varying reaction times (<1, 8, and
30 min) during the PtNP-tipping reaction in order to
correlate Pt-tip morphology with topology of CoNP
tips. For Pt-tipped nanorods quenched after less than
1min (approximately 45 s) and then subjected to CoNP
deposition chemistry, TEM revealed that the majority
of the product (>50%) was one-sided CoNP-tipped
matchstick nanorods with a small fraction of some
(<10%) two-sided CoNP-tipped dumbbell nanorods
(Figure 6a,d). Conversely, almost exclusive formation
of two-sided CoNP-tipped nanorods (90%) occurred
when the mixture of one- and two-sided Pt-tipped

CdSe@CdS nanorod precursors (formed after reaction
times of 8 and 30 min) was subjected to CoNP deposi-
tion chemistry with very small fractions of one-sided
CoNP-tipped matchstick nanorods (4%) (Figure 6b,e
and 6c,f, respectively). These kinetic experiments re-
vealed that the synthesis of one-sided PtNP-tipped
matchstick nanorods could be kinetically controlled,
which further afforded the synthesis of one-sided
CoNP-tipped matchstick nanorods (along with some
unreacted bare CdSe@CdS nanorods). Hence, by
quenching PtNP reactions to very short reaction time
(<1 min), selective activation of only one nanorod
terminus was achieved. However, at longer reaction
times in the Pt-deposition reaction (8 and 30 min),
these untipped nanorod ends were also chemically
activated for CoNP deposition, without any visually
detectable changes in the nanorod morphology as
revealed by TEM imaging.

A critical set of experiments were conducted where
nanorod precursors that afforded one-sided CoNP-
tipped nanorods were activated by an additional chem-
ical treatment to primarily afford two-sided CoNP-
tipped nanorods. One-sided Pt-tipped nanorods (PtNP
tip size <3 nm) were initially synthesized that were
quenched after very short reaction time (<1 min) and
were confirmed to primarily afford one-sided CoNP-
tipped nanorods upon treatment with PS-COOH and
Co2(CO)8, as previously described (Figure 7a,c). These
same one-sided Pt-tipped nanorods (same batch, dif-
ferent experiments) were subjected to an additional
PtNP deposition step, by exposure to Pt(acac)2, oleyla-
mine, oleic acid, and 1,2-hexadecanediol at elevated

Figure 7. (a) Isolated matchstick Pt-tipped and unmodified
nanorods after 20 s reaction time. (b) Mixture of matchstick
and dumbbell Pt-tipped nanorods after Pt-tipping the
products from part a for 45 s. Insets in parts a and b show
the small PtNP tips in these samples. (c) Mixture of unmo-
dified and matchstick Co-tipped products from treating
Pt-tipped nanorods from part a with Co-tipping conditions.
(d) Primarily dumbbell Co-tipped products from treating
part b with Co-tipping conditions.
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temperature. TEM confirmed that a higher yield of two-
sided PtNP-tipped nanorods was obtained after this
second PtNP deposition step, where PtNP tip sizes were
still much smaller (less than 3 nm) than in conditions
previously described (Figure 7b). However, it is impor-
tant to note that approximately 50% of these products
were still one-sided Pt-tipped matchstick nanorods.
CoNP deposition onto these mixtures of one- and two-
sided PtNP-tipped nanorods almost exclusively formed
two-sided CoNP-tipped nanorods in a fashion similar to
those obtained for earlier one-pot activation conditions
described previously (Figure 7d). These experiments
revealed that the yield of bothmatchstick anddumbbell
CoNP-tipped nanorods could be kinetically controlled
using purely chemical methods to control the prepara-
tion of PtNP- and CoNP-tipped nanorods. It can be
further concluded that electronic coupling within the
heterostructured nanorod or electrochemical mechan-
isms was not at work in the selective formation of two-
sided CoNP-tipped dumbbell nanorods under these
reaction conditions.

To investigate the contribution of chemical etching
on the activation of nanorods for CoNP deposition, a
series of control experiments were conducted by
systematic treatment of rods with the reagents used

in the PtNP deposition reaction. Native CdSe@CdS
nanorods (L = 45 ( 4 nm, D = 7 ( 1 nm) were treated
with oleic acid, oleylamine, and 1,2-hexadecanediol in
diphenyl ether at 225 �C for 8 min and subjected to
CoNP deposition reactions to afford a mixture of one-
sided CoNP-tipped matchstick nanorods (CoNP tip
diameter (D) = 17 ( 3 nm) and bare CdSe@CdS
nanorods, with a minimal yield of two-sided CoNP-
tipped dumbbell nanorods (Supporting Information
Figure S18). The overall yield of CoNP-tipped match-
stick nanorods was significantly lower in contrast to
experiments using Pt-tipped nanorod precursors.
CoNP-tipped nanorods prepared by chemical activa-
tion of bare CdSe@CdS nanorods also exhibited amore
random placement of CoNPs along the nanorod, in
contrast to selective deposition onto nanorod termini.
Nevertheless, this experiment revealed that the mix-
ture of ligands and reducing agent used in the Pt
deposition step was sufficient to chemically activate
one terminus of the CdSe@CdS nanorod to enable one-
sided deposition of a single CoNP tip.

The kinetic and morphological observations pre-
sented above are consistent with previous reports
correlating structure and reactivity of wurtzite chalco-
genide nanorods, where the chalcogen-rich {001}

Scheme 2. Cartoon summarizing the options presented in this work: (A) Directly Co-tipping unmodified nanorods results in
no reaction between Co and parent nanorods. Free CoNPs and parent nanorods are formed. (B) “Activation” of the parent
nanorods by etching in the absence of Pt precursors results in activation of one terminus only toward Co-tipping. The
products of this reaction arematchstick CoNP-tipped and unmodified nanorods, where dashed circles indicate an “activated”
terminus. (C) Kinetic resolution of “true matchsticks”: Treating with Pt-tipping conditions for 1 min or less gives a mixture of
matchstick PtNP-tipped nanorods and unchanged nanorods,which subsequently providematchstick CoNP-tippednanorods.
(D) Allowing the Pt-tipping reaction to proceed for 8 min or longer results in a mixture of activatedmatchstick and dumbbell
PtNP-tippedproducts. Thismixture always results in primarily (>90%) dumbbell CoNP-tipped nanorods after treatingwith Co
precursors. (E) Unactivated (“true”) Pt-tipped matchsticks can be subsequently activated by further Pt-tipping to provide a
mixture of activated Pt-tipped matchsticks and dumbbells with similar reactivity to those from route D.
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facet was found to be more reactive toward metal
deposition than the diametrically opposed cadmium-
rich {001} facet for wurtzite CdSe@CdS and CdS
nanorods.64,66,74,79,86,100 In the present report, PtNP-
tip deposition was observed to occur preferentially at
one terminus for a given nanorod followed by statis-
tical growth of a second, smaller, PtNP tip at the
diametrically opposed nanorod terminus after addi-
tional reaction time. The second, smaller, PtNP tip was
generally observed to be deposited off-center with
respect to the long axis of the nanorod substrate
(Figure 1,Figure 6, and Supporting Information Figure
S22). We assign the sulfur-rich {001} facet as the
location of initial PtNP-tip deposition onto CdSe@CdS
nanorods due to its known greater chemical availabil-
ity and reactivity towardmetal deposition.64,79,86,99�101

The diametrically opposed nanorod terminus can be
assigned to the {001} Cd-rich end of the wurtzite CdS
nanorod phase, where metal growth has been ob-
served to preferentially proceed onto diagonally posi-
tioned sulfur-rich {101} facets as previously reported
by Ryan et al. and Banin et al.86,100 HRTEM attempts to
directly image CdSe seeds imbedded in CdSe@CdS
nanorods in this report were unsuccessful, presumably
due to the smaller (<2.8 nm) CdSe seed sizes used to
grow CdSe@CdS nanorods with diameters averaging
5�7 nm, in contrast to related reports.28,64

We were unable to eliminate the possibility that
“activated” PtNP-tipped matchsticks have a trace
amount of platinum present on the {001} Cd-rich facet
(or sulfur-rich {101} facet), which is sufficient to pro-
mote Co deposition, but below the detection limits
of TEM. Simple calculations show that samples contain-
ing >60% apparently one-sided matchstick PtNP-
tipped nanorods by TEM would need a small, unde-
tectable, amount of platinum on >83% of the apparent
PtNP-tipped “matchsticks” to reach the observed
Co-tipped product distributions (>90% CoNP-tipped
dumbbells).

SYNTHETIC CHALLENGES

We found that several unorthodox techniques and
previously unpublished considerations were required
in reproducing and scaling up the colloidal syntheses
in this work. As these are infrequentlymentioned in the
literature, we would like to notify the reader that we
have included all pertinent details in the Supporting
Information including centrifuge rotor diameter, quan-
tumdot synthesis quenching, insulation of the reaction
vessel for synthesis of nanorods, sensitivity to sonica-
tion, methods for obtaining yields from colloidal dis-
persions, and calculations used for molecular weights
of colloids. While some of these items have been
reported individually in other publications, we offer a
collection herein.

CONCLUSION

Methods to selectively synthesize CoNP- and Cox-
OyNP-tipped CdSe@CdS nanorods with controlled
matchstick or dumbbell morphologies were estab-
lished via a five-step total synthesis. The morphology
and connectivity of CoNP tips were shown to evolve as
a direct consequence of the conditions used to obtain
PtNP-tipped nanorod precursors, which gave mixtures
of matchstick and dumbbell PtNP-tipped morpholo-
gies. These precursors were found to drive nearly
quantitative CoNP-tipped dumbbell formation due to
either chemical activation of the untipped terminus
or trace amounts of platinum at the apparently
untipped terminus of PtNP-tipped matchsticks. This
synthetic methodology, along with detailed syn-
thetic procedures, offers an alternative strategy to
prepare heterostructured nanorods with core�shell
nanoparticle tips that enable the creation of nano-
scopic semiconductor or Schottky-type junctions.
Future efforts will examine the electronic structure
and photoelectrochemistry of these nanocomposite
materials.

METHODS
Details on the synthesis and characterization of nanorod

precursors, intermediates, and products are discussed in the
Supporting Information.
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