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ABSTRACT: This paper describes a facile method for synthesis of Au−AgCdSe
hybrid nanorods with controlled morphologies and spatial distributions. The
synthesis involved deposition of Ag tips at the ends of Au nanorod seeds, followed
by selenization of the Ag tips and overgrowth of CdSe on these sites. By simply
manipulating the pH value of the system, the AgCdSe could selectively grow at one
end, at both the ends or on the side surface of a Au nanorod, generating a mike-like,
dumbbell-like, or toothbrush-like hybrid nanorod, respectively. These three types of
Au−AgCdSe hybrid nanorods displayed distinct localized surface plasmon
resonance and photoluminescence properties, demonstrating an effective pathway
for maneuvering the optical properties of nanocrystals.
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Hybrid nanostructures that integrate two or more
nanoscale components have recently attracted much

attention owing to the synergistic properties induced by
interactions between these objects. Promising examples of
such structures are metal−semiconductor hybrid nanocrystals,
in which a metal and its semiconductor counterpart are closely
coupled in an effort to produce intriguing behaviors and
functionalities far beyond those of their individual counter-
parts.1−12 For example, metal tips on semiconductor nanorods
can serve as anchor points for electrical connections or for
head-to-end self-assembly into complex structures,3,13 while
improved charge separation at the metal−semiconductor
interface can enhance its photocatalytic activities14 or modify
its nonlinear optical response.15 Furthermore, addition of
semiconductor tips to metal nanocrystals can greatly improve
the stability of metal nanocrystals against aging at a high
temperature16 and maneuver the fascinating optical properties
of metal nanocrystals known as surface plasmon resonance
(SPR).16,17 As many of their physical and chemical properties
are highly dependent on the size, shape, composition, and
spatial distribution of each component, the synthetic strategy of
such metal−semiconductor hybrid nanonanocrystals has
become increasingly important. Thanks to the efforts from a
large number of research groups, a myriad of methods have

been developed, including those based on selective anisotropic
growth,3,4,15−23 formation of micelles,24 oxidation-directed
decomposition,25 phase segregation induced by ripening,26,27

photochemical fabrication,28 diffusion process,29 phase-transfer
protocol,30 in situ sulfuration,16 and cation-exchange technol-
ogy.17,31 Although all these methods are capable of generating
high-quality hybrid nanocrystals, it still remains a grand
challenge to spatially control the component distribution and
thus regulate the symmetry of the hybrid nanocrystals,
especially for systems constructed using the same materials.
With Au nanorods as the starting seeds, here we describe a

facile approach to the synthesis of Au−AgCdSe hybrid
nanorods with the semiconductor portion (i.e., AgCdSe)
growing either at one end, at both the ends, or on the side
surface of a Au nanorod. We chose Au nanorods as our initial
material because they have received great interests in a wide
variety of fields due to their tunable surface plasmon resonance
(SPR) that is sensitive to both the aspect ratio of the nanorods
and the coating materials.32 The synthesis involved deposition
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of Ag tips at the ends of a Au nanorod, followed by selenization
of the Ag tips and overgrowth of CdSe on these sites (see
Supporting Information for experimental details). By simply
manipulating the pH value of the system, we found that the
reaction kinetics could be well controlled. As such, Au−
AgCdSe hybrid nanorods with three distinct structures could be
produced under otherwise similar conditions: mike-like nano-
rods with AgCdSe growing at only one end of a Au nanorod;
dumbbell-like nanorods with AgCdSe growing at both the ends
of a Au nanorod; and toothbrush-like nanorods with AgCdSe
growing on the side surface, near one end of a Au nanorod.
These Au−AgCdSe hybrid nanorods displayed substantially
different SPR and photoluminescence (PL) properties. This
synthesis provides a convenient and environmentally benign
route to large-scale production because it does not involve inert
atmospheric gases, organic solvents, or phase-transfer processes.
Figure 1 schematically illustrates the reaction pathways that

lead to the formation of three different types of Au−AgCdSe
hybrid nanorods. The synthesis is based on a two-step seed-
mediated growth. In the first step, Au−Ag bimetallic nanorods
were prepared by consecutively adding AgNO3, glycine, and
NaOH to an aqueous dispersion of Au nanorods containing
hexadecyltrimethylammonium bromide (CTAB) at 30 °C. As
shown in Figure 2a, the starting Au nanorods were 15 ± 2 nm
in width and 58 ± 6 nm in length. They were relatively uniform
in terms of size and aspect ratio with a variation less than 13%.
Right after the addition of NaOH (for the synthesis of mike-like
Au−AgCdSe nanorods, the pH was manipulated to 6.8), the
solution turned from dark red to firebrick within 10 min. After
further reaction for 10 h, we obtained Au−Ag bimetallic
nanocrystals with more-or-less an “I” shape and an average
length of 60 ± 7 nm (Figure 2b). The Ag tended to deposit at
both the ends of a Au nanorod although it covered throughtout
the surface of the nanorod seed. The insets in Figure 2a,b show
the tip morphologies of Au and Au−Ag nanorods, respectively.
The second step involved a selenization reaction of the Ag

tips of the as-prepared I-shaped nanorods associated with a
selective growth of CdSe bumps at only one end of the
nanorods. In a typical synthesis, we mixed an aqueous solution
of the as-prepared I-shaped Au−Ag nanorods with specific
amounts of selenium powder, Cd(NO3)2, and NaBH4. The
reaction was allowed to proceed at 90 °C for 2 h under ambient
conditions and can be described by the following equations

+ →2Ag Se Ag Se2 (1)

+ + +

→ + +

+ −

+

4Cd 4Se BH 3H O

4CdSe B(OH) 7H

2
4 2

3 (2)

On the basis of the change in Gibbs free energy (ΔGo =
−49.4 kJ/mol at 298 K),33 Ag2Se is expected to form
spontaneously when Au−Ag nanorods and Se powder
encounter in the solution. Once formed, Ag2Se then acted as
the seeds for overgrowth of CdSe in the presence of BH4

− as a
reducing agent (eq 2). Interestingly, it was found that CdSe
selectively grew only at one end of each nanorod to form an
asymmetric structure with a mike-like shape (Figure 2c) rather
than at both the ends to form a symmetric, I-shaped nanorod
when the pH was set at 7.2. The average size of the CdSe
bumps is ∼24 nm. Note that the other end at which no CdSe
deposited also lost its original “I” shape (see inset of Figure 2c),
indicating that a shape transformation process must have taken
place in this step.
To elucidate the formation mechanism of mike-like nanorods

shown in Figure 2c, we monitored the evolution of shape by

Figure 1. Schematic illustration of the syntheses of three different types of Au−AgCdSe hybrid nanorods.

Figure 2. TEM images of (a) the Au nanorods (15 nm × 58 nm in
width and length, respectively), (b) the I-shaped Au−Ag nanorods
(with a mean length of 60 nm), and (c) the mike-like Au−AgCdSe
nanorods (with a mean size of 24 nm for the AgCdSe bumps and a
mean length of 41 nm for the Au rods).
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drawing samples from the solution at different stages of the
reaction, followed by extinction test and transmission electron
microscopy (TEM) imaging. Figure 3a shows the extinction

spectra of products obtained at different reaction points. The
longitudinal surface plasmon resonance (LSPR) band of the
original Au nanorods appeared at ∼828 nm, and the transverse
surface plasmon resonance (TSPR) band was centered at ∼526
nm. With the deposition of silver, both the LSPR and TSPR
bands blue shifted.17,34 Once the second step was initiated, the
LSPR band first red shifted to ∼811 nm at 30 min and then
blue shifted to ∼675 nm at 120 min. TEM images of the
corresponding products are shown in Figure 3b−e. Earlier in
the reaction (at 5 min), nanorods with two enlarged ends were
observed (Figure 3b). Energy dispersive X-ray (EDX) analyses
on a single nanorod indicated that Se was only distributed at
the ends of the nanorod (Supporting Information Figure S1).
No signal for Se was detected in the central region. All the data
support the formation of Au−Ag2Se hybrid nanorods. It is
believed that the formation of Ag2Se tips should be responsible
for the red shift of the LSPR band in the early stage as Ag2Se
has a relatively high dielectric constant.35,36 As the reaction
progressed, one of the ends gradually grew larger while the
other shrank (at 30 min, Figure 3c) and completely disappeared
(at 90 min, Figure 3d). Ultimately, mike-like hybrid nanorods
formed at 120 min (Figure 3e) where the semiconductor
component (i.e., the fat bump) was lighter in contrast than the
Au component due to their difference in electron density. Note
that the width of the Au nanorods increased while the length
decreased during the synthesis, which eventually caused the
blue shift of the LSPR band at the later stage.
We further used a number of tools involving high-angle

annular dark-field scanning TEM (HAADF-STEM), EDX, X-
ray diffraction (XRD), and high-resolution TEM (HRTEM) to

analyze the chemical compositions and characterize the
structures of the mike-like hybrid nanorod. The distributions
of Au, Ag, Cd, and Se were clearly resolved by EDX elemental
mapping (Figure 4a−d), line-scan EDX spectra (Figure 4e),

and the corresponding HAADF-STEM image (Figure 4e). All
the data suggests that the rod portion was made of Au while the
bump was composed of Ag, Cd, and Se. Since Ag, Cd, and Se
were evenly distributed throughout the bump, we believe that
they have formed an alloy phase. The average composition of
the bumps determined by EDX analysis of 12 nanocrystals was
Ag0.8Cd0.6Se. XRD pattern of the Au−AgCdSe hybrid nanorods
indicates that the Au components are in a face-centered cubic
(fcc) form while the AgCdSe components are hexagonal
(Supporting Information Figure S2). Supporting Information
Figure S3 shows HRTEM images of a mike-like Au−AgCdSe
nanorod. The fringe spacing of 2.0 Å can be indexed to the
{200} reflection of fcc Au, while the spacing of 2.2 and 2.6 Å
may correspond to the {110} and {102} reflections of
hexagonal AgCdSe.
The alloy of AgCdSe could be formed through two different

mechanisms: cation exchange of Cd2+ ions with Ag2Se and
ripening of Ag2Se at the ends of a nanorod. The exchange
between two cations involving Cd2+ and Ag+, Cd2+ and Cu2+,
and Cd2+ and Pb2+ has been demonstrated to be a general and
reversible phenomenon in semiconductor nanocrystals, which
can be driven by quite a few experimental factors such as the
concentration of cations, the solvent, and the surfactant.37 In
this study, as described above, Ag2Se tips formed at both ends
of each Au nanorod prior to the formation of CdSe.
Considering the large difference in concentration between
free Ag+ and Cd2+ ions in the solution, we believe that the Ag+

ions in the Ag2Se tips would be partially replaced by Cd
2+ in the

following reaction to form AgCdSe alloy. In addition, since the
products changed from I-shaped nanorods to mike-like ones
during the synthesis, the shape transformation must have

Figure 3. (a) UV−vis extinction spectra taken from the Au nanorods,
the I-shaped Au−Ag nanorods, and the products obtained at different
reaction points for synthesis of mike-like Au−AgCdSe nanorods. (b−
e) TEM images of the corresponding products. The scale bar is 20 nm
in (b) and applies to all TEM images. The red arrows indicate the
positions of AgCdSe components.

Figure 4. (a−d) EDX elemental maps of Au, Ag, Cd, and Se in an
individual mike-like Au−AgCdSe nanorod. (e) HAADF-STEM image
of this nanorod with line profiles of Au, Ag, Cd, and Se.
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involved an etching process. Potentially, at one end of the
nanorod Ag2Se is oxidized by a Se atom located at the other
end of the rod. In this process, the conductive metal rod offers
an effective pathway for electron transfer. The Se stom is
consequently reduced to Se2‑ while the Ag2Se releases two Ag+

ions and a Se atom to solution. At the same time, the released
Ag+ ions would mix into the solution and coprecipitate with
both Cd2+ and Se2‑ ions at the opposite end to form AgCdSe
alloy. This process, which can be considered as ripening of
Ag2Se tips governed by an electrochemical driving force, would
eventually lead to the formation of asymmetric, mike-like Au−
AgCdSe nanorods shown in Figure 2c. We further used Au
nanorods with either a shorter (45 ± 6 nm) or a longer (66 ± 7
nm) length as the seeds to demonstrate the generality of this
method for the preparation of asymmetric Au−AgCdSe hybrid
nanocrystals. The results were shown in Supporting Informa-
tion Figures S4 and S5. As expected, mike-like Au−AgCdSe
nanorods were obtained, regardless of the length of the
nanorod seeds. Similarly, when using spherical Au nanocrystals
as the seeds, we obtained Janus-like Au−AgCdSe hybrid
nanocrystals (Supporting Information Figure S6).
Note that H+ ions were produced during the overgrowth of

CdSe in the second step (eq 2), which gives us the ability to
control the reducing power of BH4

− and thus manipulate the
reaction kinetics by simply adjusting the pH value of the
solution. When the pH was increased, the reducing power of
BH4

− and the subsequent formation rate of CdSe were boost
up. As such, it is not unreasonable to assume that once the
formation rate of CdSe had overwhelmingly exceeded the
ripening rate of Ag2Se, CdSe could deposit directly on all of the
Ag2Se tips. Our experiment conducted at a higher pH (9.8
instead of 7.2 at which the mike-like nanorods formed)
confirmed this argument. As shown in Figure 5a, the higher pH

produced dumbbell-like, hybrid nanorods with semiconductor
portions (most likely composed of AgCdSe alloy as well)
grown at both the ends of a Au nanorod. In addition, the
reaction kinetics of the first step (for growing Ag) also relies on
the pH as the reducing power of glycine is sensitive to the pH
value.38 Since a higher pH value makes glycine a stronger
reductant, the reduction of Ag could be boosted up under this
condition. When the experiment was conducted at pH = 8.6
(instead of 6.8 at which the I-shaped Au−Ag nanorods
formed), because of the faster reduction of Ag a larger number
of Ag atoms would be generated at any moment to interact
with the surface of Au nanorods, thus promoting the collision
of Ag atoms with a larger portion of the side surface of Au
nanorods to form more active growth sites there. As such,
differing from the I-shaped Au−Ag nanorods, the shuttle-
shaped ones with a higher coverage density of Ag on the side
surface were preferentially produced (Supporting Information

Figure S7).39 Further growth of CdSe led to the formation of
toothbrush-like, hybrid nanorods with the semiconductor
portion grown on the side surface, near one end of a Au
nanorod (Figure 5b). It is not hard to understand this result by
considering the fact that the selenization reaction should be
preferentially initiated on the side surface rather than at the
ends of a nanorod due to the difference in surface areas and
thus different collision frequencies with the Se atoms. EDX
analyses reveal that the average compositions of the AgCdSe
components of the dumbbell-like and toothbrush-like nanorods
were the same as that of mike-like nanorods (12 nanocrystals
were examed for each case, data not shown). It is worth
pointing out that all three kinds of hybrid nanocrystals (those
shown in Figures 1c and 5a,b) have high yields (>85% for each
case), demonstrating the feasibility of our approach for the
synthesis of Au−AgCdSe hybrid nanorods with controlled
structures and symmetries.
The hybrid morphology associated with the new Au−

AgCdSe nanorods makes them interesting candidates for
investigating the shape dependence of extinction and PL
properties. Figure 6a gives UV−vis spectra taken from aqueous
suspensions of Au−AgCdSe hybrid nanorods at roughly the
same particle concentration but in three distinct shapes. While
the positions of their TSPR bands were located at the same
wavelength, the mike-like nanorods showed a LSPR band at a
relatively shorter wavelength relative to those of dumbbell-like
nanorods and toothbrush-like nanorods. The toothbrush-like
nanorods exhibited a stronger TSPR peak and a weaker LSPR
peak as compared to the other two cases, possibly because in
the case of a toothbrush-like nanorod, the two ends where the
TSPR mode is located were clear while the side surface where
the LSPR band is located was blocked by a AgCdSe bump.
Figure 6b compares the PL spectra of the three different

nanocrystals. Interestingly, only the mike-like nanorods showed
an excitonic band emission peaked at ∼704 nm with a full
width at half-maximum of ∼45 nm, which slightly blue-shifted
from that of bulk CdSe (1.74 eV).40,41 In contrast, no PL peaks
were observed for dumbbell-like nanorods or toothbrush-like
nanorods. It has been demonstrated that the strong interaction
between exciton and plasmon states in a metal−semiconductor
hybrid nanostructure can result in either enhancement or
quenching in PL.3,4 The PL quenching can be attributed to the
energy transfer from exciton (in the semiconductor portion) to
plasmon (in the metal portion) via resonance coupling, as
opposed to the PL enhancement arisen from coupled field
stimulation with the metal portion. In this study, the quenching
effect is believed to work for all the three kinds of hybrid
nanorods because they have the similar short distance between
AgCdSe and Au portions. But for the case of mike-like
nanorods, the LSPR peak (∼675 nm) is very near the band
edge of CdSe exciton absorption (∼710 nm).40,41 As such, the
observed exciton emission is probably due to the coupled field
enhancement from the Au portion of the nanorods. To verify
this hypothesis, we also tested the PL properties of mike-like
Au−AgCdSe nanorods with both shorter (see the top row of
Supporting Information Figure S4) and longer (see the top row
of Supporting Information Figure S5) lengthes. The results
were shown in Supporting Information Figure S8. As expected,
no obvious PL peak was detected for the shorter nanorods due
to the deviation of their LSPR band (635 nm) from the PL
peak (710 nm). For the longer nanorods, a relatively weak PL
peak appeared at 710 nm, possibly because the extinction
intensity of these nanorods was still high at 710 nm although

Figure 5. TEM images of (a) dumbbell-like and (b) toothbrush-like
Au−AgCdSe nanorods.
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their LSPR band had red shifted to 748 nm (Supporting
Information Figure S5a). A time-resolved fluorescence experi-
ment was performed to further investigate the effect of exciton-
plasmon interaction (Figure 6c). Two decay processes with
lifetimes of 1.0 ns (81% emission) and 11.4 ns (19% emission)
were observed for the mike-like nanorods, which are much
faster than those of free semiconductor quantum dots.42 Such
great decrease in the excitonic emission lifetime further
demonstrates the strong interaction between the Au and
AgCdSe portions.43

In summary, we have demonstrated a simple and versatile
method for generating Au−AgCdSe hybrid nanorods with well-
controlled morphologies and symmetries. By simply manipulat-
ing the pH value at which the Ag and CdSe were deposited on
the Au nanorod seeds, we could achieve selective growth of
AgCdSe at one end, at both the ends, or on the side surface of a
Au nanorod. As such, we obtained Au−AgCdSe hybrid
nanorods with three distinctive structures under otherwise
similar experimental conditions: mike-like, dumbbell-like, and

toothbrush-like nanorods, respectively. These hybrid nanorods
are attractive for applications in photonics as they displayed
different LSPR peaks compared to Au nanorods and distinct PL
properties. We believe that this approach based on kinetically
controlled, seed-mediated growth and selenization can be
extended to other metal−semiconductor systems to generate
hybrid nanocrystals with rationally designed morphologies and,
thus, enhanced photocatalytic and photovoltaic capabilities.
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