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ABSTRACT: We have developed a generalized seeded-
growth methodology for the synthesis of monodisperse
metal-doped plasmonic oxide heterodimer nanocrystals
(NCs) with a near-unity morphological yield. Using indium-
doped cadmium oxide (ICO) as an example, we show that a
wide variety of preformed metal NCs (Au, Pt, Pd, FePt, etc.)
can serve as the seeds for the tailored synthesis of metal-ICO
heterodimers with exquisite size, shape, and composition
control, facilitated by the delayed nucleation mechanism of the
CdO phase. The metal-ICO heterodimers exhibit broadly
tunable near-infrared localized surface plasmon resonances,
and dual plasmonic bands are observed for Au-ICO
heterodimers. We further demonstrate that the oxide domain
of the Au-ICO heterodimers can be selectively and controllably transformed into a series of partially and completely hollow
cadmium chalcogenide nanoarchitectures with unprecedented structural complexity, leaving the metal domain intact. Our work
not only represents an exciting addition to the rapidly expanding library of chemical reactions that produce colloidal hybrid NCs,
but it also provides a general route for the bottom-up chemical design of multicomponent metal-oxide-semiconductor NCs in a
rational and sequential manner.

1. INTRODUCTION

Colloidal heterodimer nanocrystals (NCs) are an emerging
family of hybrid NCs comprised of distinct inorganic domains
joined by well-defined metal−metal,1−8 metal−semiconduc-
tor,9−17 or metal−oxide18−25 interfaces. This fascinating class of
“artificial atoms” not only provides the possibility of combining
dissimilar materials into a single multifunctional NC building
block but also allows direct physical contact and therefore
facilitates synergistic interactions and the charge and energy
flow between the constituent NCs. Extensive studies have been
performed over the past decade on developing synthetic
strategies for heterodimer NCs, which hold great promise for
applications including photocatalysis,26−29 electrocatalysis,30

bioimaging,17,31−33 drug delivery,34 sensing,35 magnetism,36,37

and electronics.38

Heterodimer NCs are typically synthesized by the heteroge-
neous nucleation of a secondary NC component onto the
surface of a premade seed NC.7,19,20,39 Recently a number of
new reaction mechanisms have also been explored for the
formation of heterodimer NCs, ranging from dealloying and
phase segregation14,16,40,41 to fusion of preformed NCs.9,20,42

The synthesis of heterodimer NCs is inherently more
complicated than that of monomeric NCs, and the fundamental
processes of heterogeneous nucleation, particle growth, and
ripening must still be better understood. Multiple reaction

pathways can often compete.5,9 As a consequence, a judicious
selection of reaction parameters is required to promote the
formation of target heterodimers and to minimize the
occurrence of homogeneous nucleation and the formation of
other unfavorable side products. Despite the remarkable
successes to date in designing heterodimer NCs with great
compositional diversity, the synthesis of highly monodisperse
heterodimer NCs with a near-unity morphological yield
remains difficult, especially when a well-controlled doping
profile of the subunit is also desirable.
In recent years, substantial research efforts have been

devoted to the synthesis of degenerately doped semiconductors
including chalcogenides,43−48 nitrides,49 and phosphides50 as
well as doped metal-oxide51−58 NCs that exhibit localized
surface plasmon resonance (LSPR) in the near-infrared (NIR)
region. In contrast to conventional metallic plasmonic
materials, such as Au and Ag, that exhibit a fixed carrier
concentration, the carrier concentration and the LSPR
frequency of these alternative plasmonic materials can be
readily tuned by adjusting the doping level. To this end, a
variety of chalcogenide and metal-oxide hosts have been
identified to support tunable LSPR at NIR and mid-IR
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frequencies.43,44,47,49−54,56 To harness the full potential of this
new set of plasmonic building blocks, it is crucial to develop
innovative strategies to incorporate them into colloidal hybrid
NCs or higher-order clusters.
In the present work, we report, for the first time, the

precision synthesis of monodisperse metal-doped plasmonic
oxide heterodimer NCs. Using indium-doped cadmium oxide
(ICO) as an example, we demonstrate that a rich array of
metal-ICO heterodimer NCs can be synthesized by the
nucleation of ICO NCs onto preformed metal-NC seeds.
These metal-ICO heterodimers exhibit strong LSPR in the NIR
range that is broadly tunable from 1.9 to 3.6 μm by adjustment
of the indium-doping level within the ICO NCs. Dual LSPR
bands are observed for Au-ICO heterodimers, one in the visible
range and the other in the NIR range. By exploiting the
drastically different chemical reactivities of metals and oxides,
we further demonstrate that the ICO domain of the
heterodimers can be selectively transformed into a series of
complex oxide/chalcogenide nanoarchitectures, leaving the
metal NCs intact. Collectively, our work provides a general
route for the bottom-up chemical design of multicomponent
metal-oxide-chalcogenide NCs in a predictable and sequential
manner.

2. RESULTS AND DISCUSSION
To synthesize metal-ICO heterodimer NCs, monodisperse
metal-seed NCs (Au,59,60 Pd,61 Pt,62 and FePt63) are first
prepared according to literature methods and are introduced
into the reaction mixture for ICO (Figure S1).56 The thermal
decomposition of the cadmium and the indium precursors at
the reflux temperature (∼316 °C) of the reaction solution
induces the rapid nucleation of ICO onto the existing metal
NCs. The transmission electron microscopy (TEM) images in
Figure 1a,b show an example of highly uniform 5.0 nm Au-ICO
heterodimers that readily self-assemble into ordered super-
lattices upon drop casting the NC dispersions onto a TEM grid.
Au and ICO NCs with average diameters of 5.0 ± 0.3 and 31.2

± 1.8 nm, respectively, are clearly discernible in the TEM
images because of their difference in electron density. The high-
resolution TEM (HRTEM) image in Figure 1c reveals that
both the Au and the ICO domains are single crystalline. The
lattice spacings for ICO and Au are measured to be 0.271 and
0.240 nm, respectively, which match well with the {111} lattice
planes of both materials. Although one cannot exclude the
possibility of a core−shell geometry based solely on the TEM
results shown in Figure 1a,b, scanning electron microscopy
(SEM) studies unambiguously confirm the heterodimer
morphology (Figures 1d and S2). Notably, the SEM images
reveal that the interfaces between the Au and the ICO domains
are highly curved. In order to maintain a coherent interface, the
ICO domain becomes concave during growth to accommodate
the curvature of the existing Au-seed NCs (Figures 1d and S2),
resulting in heterodimers with the smaller Au NCs partially
embedded in the larger ICO NCs. Statistical analyses of TEM
results reveal a morphological yield of ∼98% for heterodimers
(estimated by counting a total number of 300 particles). The
crystal phase and the size uniformity of the Au-ICO
heterodimers are further studied using a combination of X-
ray scattering techniques. The powder X-ray diffraction (XRD)
pattern in Figure 1e shows intense peaks that correspond to the
CdO phase.56,64 Diffraction peaks from Au in the heterodimers
are too weak to be detectable, which is reasonable given the
small volume fraction of Au.14,19,20 Small-angle X-ray scattering
(SAXS) data can be fit by assuming ensembles of spherical
particles with an average diameter of 31.6 ± 2.3 nm (Figure 1f).
The SAXS ringing patterns and the high quality of the fits
validate that the samples are as uniform at the ensemble level as
they appear under electron microscopy surveys (Figure 1f).
Moreover, the size of the ICO domains of the heterodimers can
be readily tailored from 22 to 40 nm by manipulating the oleic-
acid-to-cadmium molar ratio from 5.5 to 3.5 in the reaction
solution (not shown), which is consistent with previous reports
of ICO NCs alone.56,64

Figure 1. (a, b) TEM, (c) HRTEM, and (d) SEM images of 5.0 nm Au-ICO (5.3% In) heterodimer NCs and the corresponding (e) powder XRD
and (f) SAXS patterns. Scale bars: (a) 200, (b) 50, (c) 5, and (d) 100 nm.
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Two distinct plasmon resonances arising from separate
dipolar plasmon excitations in the Au and the ICO NCs are
observed in the Au-ICO heterodimers (Figure 2a). The LSPR
wavelength in the NIR range can be tuned from 1.9 to 3.6 μm
by adjusting the indium concentration of the ICO NCs.
Furthermore, these Au-ICO heterodimers enable a direct
comparison of the relative strength of the plasmonic resonances
between the individual Au and ICO NCs. As depicted in Figure
2, the NIR LSPR band is substantially stronger and narrower
than the visible one, indicative of a higher local electric field
strength and a lower loss for the ICO NCs than for the Au
NCs. From the perspective of the LSPR properties, these Au-
ICO heterodimers can be regarded as the “optical equivalent”
of very high aspect ratio (>10) monodisperse gold nanorods,
for which reliable syntheses remain a challenge.65,66

It has been well established that aliovalent cation doping in
metal oxides can give rise to a higher charge carrier density and
can therefore move the Fermi level above the conduction band
minimum.52,56 This effect, known as the Burstein−Moss shift,67

is manifested by a blue shift of the absorption edge. Tauc plots
((αhv)2 plotted against photon energy) of the UV−vis−NIR
absorption data in Figure 2a show that, in general, as the
indium concentration increases, the direct optical bandgap of
the Au-ICO heterodimers widens (Figure S3).49,56 However, an
accurate determination of the bandgap remains difficult due to
absorptions related to the LSPR and the interband transitions
of Au NCs. Both of the LSPR energies of the Au-ICO
heterodimers decrease with increasing refractive index of the
solvent, consistent with what one would expect for an LSPR
feature (Figure S4).45

Figure 2. (a) UV−vis−NIR absorption spectra of 5.0 nm Au-ICO heterodimers dispersed in CCl4 as a function of the In-doping level. (b) Expanded
shorter wavelength region of the spectra showing both the bandgap absorption from ICO and the plasmonic absorption from Au. The spectra are
offset vertically for clarity.

Figure 3. (a, b) TEM images, (c) HRTEM image and (d) UV−vis−NIR absorption spectrum of 5.0 nm Au-CdO heterodimers. The inset in (d)
shows a comparison of the absorption spectra for pure 5.0 nm Au NCs, pure CdO NCs, and the 5.0 nm Au-CdO heterodimers. Scale bars: (a) 200,
(b) 50, and (c) 5 nm.
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Figure 4. (a) TEM and (b) SEM images of 9.4 nm Au-ICO (0.9% In) heterodimers. (c) Representative TEM image of Au-ICO heterostructures
(1.0% In) synthesized using half the amount of Au NC seeds as those used for the samples shown in (a) and (b). Scale bars: (a) 200, (a, inset) 100,
(b) 200, and (c) 200 nm. (d) UV−vis−NIR absorption spectra for the samples shown in (a, b) (black curve) and (c) (red curve).

Figure 5. (a) TEM and (b) SEM images of Pd-ICO (6.5% In) heterodimers. (c) TEM and (d) HRTEM images of FePt-ICO (6.1% In)
heterodimers. (e) TEM and (f) HRTEM images of Pt-ICO (3.4% In) heterodimers. Scale bars: (a) 200, (a, inset) 50, (b) 100, (c) 100, (d) 5, (e) 50,
and (f) 5 nm. (g, h) Experimental and simulated SAXS (g) and powder XRD patterns (h). (i) UV−vis−NIR absorption spectra for Pd-ICO, FePt-
ICO, and Pt-ICO heterodimers.
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Monodisperse 5.0 nm Au-CdO heterodimers can also be
synthesized when the indium precursor is absent (Figure 3a,b).
HRTEM imaging reveals that both NC domains of the
heterodimers are single-crystalline (Figure 3c). Distinct moire ́
fringes, which appear as dark bands in the Au-CdO interface
region with a periodicity of ∼0.87 nm, are due to the
interference between the diffracted electron beams from the
overlapping Au (111) and CdO (111) lattice planes with a
rotation angle of 14.7°.68 The UV−vis−NIR spectrum for the
Au-CdO heterodimers shows no distinct peak; instead, the
absorption increases slightly in the NIR region, which is likely
caused by the presence of intrinsic defects, such as oxygen
vacancies and interstitial Cd atoms within the CdO lattice, both
of which can generate free carriers (Figure 3d).69 In
comparison to pure CdO NCs, Au-CdO heterodimers show
increased absorption in the visible region due to the presence of
Au, yet the visible LSPR band red-shifts and broadens relative
to that of pure Au NCs (Figure 3d, inset).
We also examine the effects of the Au NC size on the

heterodimer formation. As shown in Figure 4a,b, when an
optimal amount of 9.4 nm oleylamine-capped Au NCs are used
as the seeds, predominantly Au-ICO heterodimers and a small
fraction (∼5%) of ICO-Au-ICO heterotrimers are obtained. A
further decrease in the concentration of the Au seeds leads to
an increased population of heterotrimers (70%),20,42 with the
remainder consisting of heterodimers (10%) and petal-like
structures (∼20%), in which multiple ICO domains grow off a
single Au NC (Figure 4c). This observation contrasts with the
above case of 5.0 nm Au seeds, where reducing the
concentration of Au seeds yields a mixture of isolated ICO
NCs and Au-ICO heterodimers rather than a predominance of
heterotrimers (not shown). Therefore, it appears that
increasing the size of the Au seeds from 5.0 to 9.4 nm
increases the available surface area of Au and, thus, reduces the
steric hindrance for the nucleation and growth of multiple ICO
domains.70 Optical absorption spectra show that the visible

LSPR band for the sample presented in Figure 4c is red-shifted
relative to that of the heterodimers shown in Figure 4a,b, which
is attributed to a higher refractive index surrounding the
individual Au NCs, due to their close proximity to a greater
number of ICO NCs (Figure 4d). In contrast, the NIR LSPR
band does not follow the same trend but correlates with the
actual indium-doping level of the final samples, measured by
ICP-OES.
We further explore the generality of this seeded growth

method for other metal-ICO heterodimer NCs. As shown in
Figure 5, monodisperse Pd-ICO (Figure 5a,b), FePt-ICO
(Figure 5c,d), and Pt-ICO (Figure 5e,f) heterodimers can be
synthesized when the corresponding metal or metal-alloy NCs
are used as seeds. Figure 5g presents experimental SAXS
patterns acquired from concentrated toluene solutions of
various heterodimers. The SAXS patterns are simulated from
polydisperse ensembles of spherical particles with average
diameters of 41.4 ± 3.9 nm (for the Pd-ICO dimer), 31.6 ± 2.8
nm (for the Pt-ICO dimer), and 24.0 ± 2.1 nm (for the FePt-
ICO dimer), which are in excellent agreement with the sizes of
the nearly spherical ICO domains measured from the TEM
images. The powder XRD patterns of the three types of
heterodimers exhibit characteristic peaks that can be readily
assigned to the CdO phase, whereas diffraction peaks from the
metal NCs are not observable, which is analogous to the case of
Au-ICO heterodimers (Figure 5h). A sharp LSPR peak is also
present in the NIR frequencies for these metal-ICO
heterodimers, and a significantly reduced absorption in the
visible range (450 to 700 nm) is observed compared to that of
the Au-ICO heterodimers because of the nonplasmonic
character of the Pd, Pt, and FePt NCs (Figure 5i).
The chemical versatility of the metal-ICO heterodimer can

be attributed to the following reasons. First, the formation of
CdO follows a unique “delayed nucleation” pathway.71

Specifically, CdO NCs do not form when the reaction mixture
first reaches the reflux temperature (∼316 °C). Instead, for the

Figure 6. TEM images of (a) 14.8 nm In and (b) ICO NCs and (c, d) optical evidence for the conversion of In NCs into doped ICO NCs.
Essentially, the In NCs dissolve during the heat-up process and function as the In precursor for doping of the CdO lattice. Scale bars: (a) 20 and (b)
50 nm. (c) Absorption spectra of ICO NCs with increasing In doping (resulting from increased concentrations of In NCs). (d) Plots of (αhv)2 vs
photon energy (eV) with linear fits (dotted lines) to extract the direct bandgap energies.
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typical oleic-acid-to-metal molar ratio of 5:1 used in this work,
the nucleation of CdO occurs very rapidly after refluxing for an
extended period of time (40−50 min), as evidenced by a rapid
color change of the reaction mixture from transparent to
whitish-gray (indicating the formation of metallic Cd NCs),
followed by another rapid color change to brownish (indicating
the nucleation of the CdO phase) within a few seconds. This
induction period can be explained in the context of the
equilibrium between the thermally induced metal−oxygen
bond breaking of the cadmium (and indium) precursors for the
accumulation of the active species for nucleation and the
complexation of cadmium carboxylate precursors with oleic
acid to form cadmium oleate in situ.72 This argument is
supported by the observation that increasing the oleic acid
concentration in the reaction mixture leads to a longer
induction period. Powder XRD patterns of a series of aliquots
withdrawn from the reaction solution immediately after the
initial color change to the brownish color indicate that
hexagonal-phase Cd metal NCs are formed at the beginning
of nucleation, the fraction of which gradually diminishes during
prolonged heating as a small quantity (<5% of Cd in the
starting precursor based upon ICP-OES analyses) of large Cd
NCs (>300 nm) precipitate out of the reaction solution (Figure
S5).72 Ultimately, the formation of heterodimers rather than
that of a core−shell geometry is favored by the delayed burst
nucleation of the CdO phase. Second, as shown in Figure S7, a
physical mixture of seed and ICO NCs is isobtained when UO2
or Fe3O4 NCs are used as the seeds, suggesting that alloying
between cadmium and certain metallic species at the metal−
oxide interface of the heterodimers could play advantageous
roles in dictating the formation of heterodimers.
Low-melting-point metal NCs such as indium are also

employed as seeds (Figure 6a). Experimentally, before the
reaction solution reaches the reflux temperature (∼316 °C), In
NCs are already completely dissolved into the mixture.
However, we find that the dissolved indium species serve as
the precursor for doping into the CdO lattice, and as a

consequence, highly monodisperse ICO NCs are formed
(Figure 6b). The doping level can be easily adjusted by varying
the amount of added In NCs, which gives rise to a narrow
LSPR band tunable from 1950 to 3300 nm in the NIR range
(Figure 6c). It is important to note that the quality factor for
these ICO NCs, defined as the ratio of the LSPR energy to the
plasmon line width, falls in the range of 5.2−7.5 (Table S1),
which is far superior to that of other previously identified
semiconductor-based plasmonic NCs.45,47,49,52,54

Chemical transformation of existing inorganic nanostructures
has emerged as a versatile approach for the synthesis of
unconventional hybrid NCs with programmable structural,
morphological, and compositional complexity.73−83 We further
study the formation of metal-semiconductor heterostructures
through the regioselective transformation of metal-doped oxide
heterodimer NCs. Ammonium sulfide ((NH4)2S) is used as the
source of S2− ions to selectively convert the oxide domain of
the heterodimer into a sulfide material through an anion
exchange process.80,82,84 Because of its ionic character, (NH4)2S
can readily provide S2− species under modest reaction
conditions, making it highly reactive toward a variety of metal
complexes.84,85 In a typical reaction, anhydrous (NH4)2S
dissolved in oleylamine is injected into a reaction mixture
containing heterodimer NCs, oleylamine, and 1-octadecene,
and the reaction is allowed to proceed at 70 °C for 5 min, as
described in greater detail in the Supporting Information.
Figure 7 shows a series of products from reacting Au-ICO
heterodimers with increasing concentrations of (NH4)2S. From
the TEM images shown in Figure 7a−c, it can be seen that the
original heterodimer morphology is retained upon reaction with
small amounts of (NH4)2S. Meanwhile, pinholes begin to
develop within the outer surface layers of the ICO NCs, which
leads to a distinct shell, as indicated by the brightness contrast
in the TEM images. The structural evolution is also manifested
in the corresponding SAED patterns (Figure 7d−f). Figure 7d
shows only the CdO diffraction rings for the pristine Au-ICO
heterodimers, whereas Figure 7e,f shows a progressive decrease

Figure 7. (a−c) TEM images and (d−f) corresponding SAED patterns of pristine Au-ICO (5.6% In) heterodimers (a, d) and Au-ICO@CdS
heterodimers synthesized by reacting Au-ICO heterodimers with (NH4)2S at a Cd:S molar ratio of 2:1 (b, e) and 1:1 (c, f), respectively. All scale
bars represent 50 nm. The SAED patterns were acquired from a sample area of ∼60 μm2. (g) Powder XRD patterns of the Au-ICO@CdS
heterodimers shown in (b). (h) UV−vis−NIR spectra of the samples shown in (a−c). The spectra have been vertically offset slightly to have an
identical absorption value at 800 nm.
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in the intensity of the CdO diffraction rings and the appearance
of increasingly intense zinc-blende CdS peaks. The powder
XRD pattern proves the coexistence of the two phases, rock-salt
CdO and zinc-blende CdS (Figure 7g). Our results are in stark
contrast to the results of a previous study of the transformation
of CoO into hollow cobalt sulfide NCs, where a postexchange
high-temperature (>180 °C) annealing step is necessary to
convert the amorphous CoSx into a crystalline shell.

84 Figure 7h
displays the optical absorption data for the samples shown in
Figure 7a−c. A weakening and a red shift of the ICO LSPR are
observed for the samples shown in Figure 7b,c, which can be
accounted for by a reduced indium-doping level (2.7% and
2.1% In, respectively, measured by ICP-OES), along with the
formation of a sulfide shell that increases the average dielectric
constant surrounding the ICO NCs. Furthermore, there is an
increase in the absorption intensity below 500 nm, which is
consistent with the bandgap absorption of nanocrystalline CdS.
The Au LSPR peak is red-shifted and broadened due to
plasmon dephasing at the metal−semiconductor interface
(Figure 7h).86

When a larger amount of (NH4)2S is introduced at the
beginning of the reaction, the ICO domain of the heterodimers
becomes increasingly hollow, resulting in a cage-like structure
with a porous shell (Figures 8a,d and S8a−d).10,79,80 Both the
CdS and the CdO phases are clearly visible in the
corresponding SAED (Figure 8c,f) and XRD patterns (Figure
8i). The HRTEM images reveal no obvious change to the Au

region but show uneven contrast in the remaining ICO region,
which suggests the coexistence of both CdO and CdS grains. It
is observed that, in these partially exchanged NCs, there are
inorganic bridges that connect the inner ICO core with the
outer CdS shell (Figure 8a,b,d,e,g), providing ion transport
channels that can drive the oxide-to-sulfide conversion toward
completion when a sufficient quantity of S2− ions is present.80

The expansion of voids inside the individual ICO NCs can be
interpreted based upon the faster outward diffusion of the core
Cd2+ and O2− ions than the incoming S2− ions.79,80,84 The
unbalanced diffusion rates of the different ions help localize the
reaction front at the outermost surface of the ICO NCs,
yielding a hollow geometry as a result of nanoscale Kirkendall
effects.79,80,87 Small CdS NCs nucleate at multiple sites on the
ICO surface as the conversion of ICO to CdS proceeds. A
complete transformation from ICO to CdS is observed when
the S:Cd ratio is greater than 4:1 (Figures 8g,i,k and S8e−h). At
sufficiently high concentrations of S2− ions, hollow CdS NCs
with attached rod-like CdS branches are obtained (Figure 8i,k).
It is noteworthy that the extent of side nucleation of CdS NCs
in the bulk solution during the anion exchange process is
usually negligible, which differs substantially from the oxide-to-
selenide conversion, as discussed below. The morphological
evolution illustrated in Figure 8 is also corroborated by the
optical absorption data (Figure 8m). It is evident that sub-500
nm CdS absorption becomes dominant in the spectrum, with a
concomitant loss of intensity from the NIR LSPR absorption.

Figure 8. (a−k) TEM and HRTEM images and corresponding SAED patterns of samples synthesized by reacting Au-ICO (5.6% In) heterodimers
with (NH4)2S at a Cd:S molar ratio of 1:2 (a−c), 1:3 (d−f), 1:4 (g,h), 1:6 (i,j), and 1:7.5 (k), respectively. The SAED patterns were acquired from a
sample area of ∼60 μm2. Scale bars: (a) 50, (a, inset) 20, (b) 5, (d) 50, (d, inset) 20, (e) 5, (g) 50, (a, inset) 20, (i) 50, and (k) 50 nm. (l) Powder
XRD patterns of the samples shown in (a), (d) and (g). (m) UV−vis−NIR spectra of the samples shown in (a), (d), (g), and (i).
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Figure 9 presents the experimental results from the reaction
of the Au-ICO heterodimers with the tributylphosphine-
selenium (TBP-Se) complex. Here, a fixed Cd:Se ratio of
1:40 is used, and the reaction temperature is varied from 200 to
230 °C. At 200 °C, the size of the ICO region shrinks, forming
a core−shell structure consisting of an ICO core with an
amorphous, low-contrast shell, perhaps having a composition of
CdOxSe1‑x (Figure 9a−c). At 220 °C, the ICO region shrinks
further, becoming less pronounced in both the HRTEM image
and the SAED pattern (Figure 9d−f). At 230 °C, the ICO core
has disappeared, both in the TEM image, which shows evidence
of only a low-contrast shell, and in the SAED pattern, in which
the CdO diffraction rings are no longer present (Figure 9g−i).
It is clear that, after reacting with TBP-Se at 220 or 230 °C, the
Au domain of the Au-ICO heterodimers persists, and the
partially converted intermediates still exist with the nearly
spherical shape of the original heterodimers. The disappearance
of ICO is also supported by the absorption spectra shown in
Figure 9j. The pronounced NIR plasmonic peak in the pristine
Au-ICO heterodimer red-shifts and decreases considerably in
intensity upon reaction with TBP-Se. At each reaction
temperature (200, 220, and 230 °C), a peak appears in the
visible region at ∼520 nm, in accordance with both the Au
LSPR absorption and the position of the band edge absorption
of quantum-confined CdSe NCs. The TEM images in Figure 9,
which have been confirmed to be representative of the samples
by imaging many regions on each TEM grid, show little
evidence of small CdSe NCs as side products. However, it is
important to point out that, unlike the anion exchange reaction
with (NH4)2S as mentioned above, the reaction of Au-ICO
heterodimers with TBP-Se does yield an appreciable quantity of
small CdSe NCs in the bulk solution. The samples shown in
Figure 9 have undergone size-selective precipitation to remove
the small CdSe NCs, the amount of which increases
monotonically with a higher reaction temperature. Conse-
quently, it is possible that a small number of these CdSe NCs
still remain in the sample and contribute to the absorption
spectra shown in Figure 9j. As a control experiment, the same
set of reactions is performed using pure ICO NCs instead of

Au-ICO heterodimers under otherwise identical conditions,
and a similar temperature-dependent conversion behavior is
observed (Figure S10). A further increase of the reaction
temperature to 240 °C leads to well-defined hollow interiors
within the initial ICO domains, and a corresponding higher
fraction of small CdSe NCs that can still be isolated from the
hollow heterostructures (Figure S11). At 280 °C, the initial
ICO domains are completely digested, and high-quality zinc-
blende (cubic) CdSe NCs are obtained, along with residual Au
NCs originating from the Au-ICO heterodimers (Figure S12).

3. CONCLUSIONS

In summary, we have developed a generalized seeded-growth
methodology for the high-yield synthesis of monodisperse
metal-doped plasmonic oxide heterodimer NCs. Using indium-
doped cadmium oxide as an example for the plasmonic oxide,
we demonstrate that a wide variety of premade metal and
metal-alloy NCs, including Au, Pt, Pd, and FePt NCs, can serve
as the seeds for the tailored synthesis of metal-ICO
heterodimers with exquisite size, shape, and composition
control, facilitated by the delayed nucleation mechanism of
the CdO phase. The resultant multicomponent NCs retain
their individual LSPR properties, which are dependent on the
choice of the seed NCs for the metallic domain and on the
indium-doping level of the oxide domain. We further
demonstrate that the oxide domain of the heterodimers can
be selectively and controllably transformed into partially or
completely hollow cadmium chalcogenide nanoshells by an
anion exchange reaction with (NH4)2S or reaction with a
phosphine-selenium complex, accompanied by nanoscale
Kirkendall effects. A series of metal-oxide-chalcogenide and
metal-chalcogenide hybrid nanoarchitectures can be accessed,
including yolk-shell NCs with hollow interiors and porous
shells, open cage-like nanostructures, and hollow NCs with
continuous shells, most of which are not otherwise accessible
through conventional synthetic methods. Altogether, our work
opens up a new avenue for the chemical design of optically
active heterostructured NC building blocks for applications

Figure 9. (a−i) TEM images, SAED patterns, and HRTEM images of samples synthesized by reacting Au-ICO (5.3% In) heterodimers with TBP-Se
at different temperatures: (a−c) 200 °C; (d−f) 220 °C, and (g−i) 230 °C. The SAED patterns were acquired from a sample area of ∼60 μm2. Scale
bars: (a) 50, (c) 10, (d) 50, (f) 5, (g) 100, and (i) 5 nm. (j) UV−vis−NIR spectra of the pristine Au-ICO heterodimers and the samples shown in
(a−c).
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including plasmonic sensing, bioimaging, light harvesting, and
photocatalysis. The seeded growth of metal-doped oxide
heterodimer NCs represents an exciting addition to the rapidly
expanding library of prototype chemical reactions that produce
colloidal hybrid NCs. Given the size uniformity and the
inherent chemical anisotropy presented by these heterodimers,
further developments in site-selective chemical modification
and directed self-assembly into predictive hierarchical structures
can be anticipated.
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