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ABSTRACT: Rapidly forming, large gold nanocrystals (∼10 nm) on CdSe/CdS nanorods while maintaining the nanorod geometry
remains challenging. In this study, we demonstrate that by using Langmuir−Blodgett (LB) deposition, numerous tiny gold
nanocrystals (2−3 nm) can ripen into a single gold nanocrystal with a size of 8−9 nm on each nanorod within 4 h. Thanks to the
room temperature condition and low corrosiveness of the chemicals used in the technique, the nanorod geometry was perfectly
maintained. Besides, the reaction was found to be accompanied by a ligand exchange procedure, which perhaps resulted in a
hydrophobic/hydrophilic “Janus” structure on the final hybrid nanoparticles.

1. INTRODUCTION

Colloidal inorganic nanocrystals (NCs), including but not
limited to nanosized semiconductors (e.g., CdS, ZnSe, ZnO,
etc.), magnetite (e.g., CoPt, Fe2O3, etc.), or metal-based
composite particles (e.g., Ag, Au, Al, etc.), have long attracted
considerable attention in the past two decades owing to their
unique functions such as fluorescence, magnetism, and surface
plasmon resonance.1−8 Furthermore, heterostructures, by
assembling multiple NCs joined into a unique particle,
would provide enhanced or multiple properties and
capabilities.9−13 Particularly, hybrid nanoparticles (HNPs),
by combining semiconductor NCs (SNCs) and noble metal
NCs (MNCs) in close vicinity, may show enhanced absorption
cross-section, charge transfer, or photoluminescence in
comparison to SNCs alone.9,10,14−16 Hence, such HNPs are
promising in potential applications such as biological imaging,
photodetection, photovoltaics, and so on.9,14 Specifically,
among the SNCs, elongated one dimensional (1D) CdSe/
CdS core/shell nanorods (NRs) received the most intensive
investigation since they show a tunable bandgap in the visible
light spectrum and stable and relatively high photolumiscence
(PL) with monoexponenital PL decay dynamics;17−19 for the
MNCs, gold MNCs are the most popular one since they show
tunable plasmonic resonances in the visible light spectrum
together with high biocompatibility and high reproducibility.5

As a result, CdSe/CdS/gold HNPs have set an ideal research
model for manipulating semiconductor/plasmonic interac-
tions.9,10

It is known that the interaction between CdSe/CdS core/
shell SNCs and gold MNCs dominantly depends on the
nanocrystal size, shape, and composition of each of them.
Nowadays, fabrication of nanometric spheres, rods, tetrapods,
tripods, and other shapes of various SNCs has been developed
into a fairly mature technology.9,14 Besides, the geometry and
size of both metal spheres and rods can also be well-tailored in
the nanoscale.14,20,21 Therefore, a straightforward strategy for
accurate control over the size and geometry of each
component of the hybrid particle is via direct attachment of
preformed SNCs and MNCs that already have the desired
geometry. In this strategy, the preformed SNCs or MNCs need
to be coated with desired polymers with functional peptides
which are positively or negatively charged, respectively (vice
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versa). Then, such preformed NCs with opposite charges can
be naturally conjugated via electrostatic forces.22−25 In most
cases, this route is only performable in a water environment
since the electrostatic force can only be manipulated in polar
solvents.25 Therefore, it usually requires an additional ligand
transfer procedure to make the oil-processed NCs water-
compatible. For this reason, such a conjugating route is fairly
complicated and time-consuming.25 Moreover, for the MNCs
and SNCs preformed separately by using different organic
ligands, the as-prepared NCs usually show an intrinsic
difference in solubility or/and stability in a specific solvent.
This would either weaken the combination between the MNCs
and SNCs in the final hybrid particles or result in
uncontrollable large-scale agglomeration between many of
them.9,25,26 In this consideration, direct in situ growth of gold
MNCs on CdSe/CdS NRs as templates forming HNPs
appears to be an alternative strategy.9,10,15,27 Along this, a
model synthesis technology was developed by Mokari et al.
and in general can be divided into two steps: the conventional
fabrication of CdSe/CdS NRs in phosphoric fatty compound
and then the reduction of precursor Au3+ ions followed by the
consequent nucleation and growth of gold MNCs on the
surface of NRs.16 Indeed, such in situ synthesis technique is
more facile in contrast to the aforementioned conjugation
method. Nevertheless, it suffers from two main disadvantages:
first, the size of the in situ grown gold MNCs is usually limited
in the range of 1−2 nm. The underlying electrochemical
Ostwald ripening is a rather slow process;27 it requires several
days to approach 10 nm, which is however fairly close the
minimum size for gold to show surface plasmon resonance. To
solve this problem, the in situ gold growth process can be
modified either by elevating the reaction temperature or
utilizing ultraviolet (UV) irradiation as a catalyst.27,28

However, all these methods can be harmful to the structure
and optical performance of the CdSe/CdS NRs. It is actually
relating to another disadvantage: because of the fragility of
CdSe/CdS, the NRs can shrink significantly in length during
the growth of anchored gold MNPs.10

In this report, we demonstrate that the ripening growth of
the gold MNCs anchored on CdSe/CdS NRs can be largely
facilitated by using Langmuir−Blodgett (LB) deposition. Such
a technique requires neither UV light catalyst nor high
temperature. In the experiment, numerous tiny (2−3 nm) gold
MNCs first nucleate on the surface of the NRs to form the
initial HNPs by immersing the NRs in toluene-Au3+ precursor.
Then, the as-prepared toluene dispersion of HNPs that was
floating spread on the top of diethylene glycol (DEG) that was
contained in a LB basin. With the barriers in the LB device
moving forward to each other, the area of the floating toluene
dispersion of HNPs shrinks gradually. During this procedure,
gold MNCs can grow into 8−9 nm within 4 h at room
temperature. We also found that the growth of gold MNCs was
accompanied by a ligand exchange procedure, which perhaps
results in a hydrophobic/hydrophilic “Janus” structure on the
final hybrid NPs. Moreover, thanks to the room temperature
and low corrosiveness of the chemicals used in the technique,
the resulting HNPs show no significant shrinkage in the length
of the NRs. We believe that this novel technique is also
promising for growing other kinds of heterogeneous structures
in which the components need to reach specific sizes.

2. EXPERIMENTAL SECTION
2.1. Synthesis of CdSe/CdS NRs. Prior to the combination with

gold MNCs, CdSe/CdS core/shell NRs were synthesized via a
conventional wet-chemistry method that can be found elsewhere.29

First of all, a mixture of octadecylphosphonic acid (ODPA) (0.29 g)
and trioctylphosphine oxide (TOPO) (3.0 g), together with CdO
(0.051 g), was placed in a three-neck flask. In order to remove the
crystallized water, the flask was heated up to 110 °C and held for 1 h
under a vacuum. Then, purging with nitrogen, the flask was further
heated to 300 °C. The temperature was held for 10 min to completely
complex the cadmium with TOPO and OPDA. In another vial,
selenide was dissolved in 1.6 mL of tributylphosphine (TOP) forming
a 0.5 M solution. Such a solution was loaded in a syringe and injected
into the flask when temperature decreased to 250 °C. After a 3 min
holding period at 250 °C, the flask was rapidly cooled to room
temperature, followed by an injection of 10 mL of methanol. After
multiple times of centrifugation at 7000 rpm for 5 min and washing
with a mixture of toluene and methanol, the collected cores were
finally dispersed in TOP (5 mL). By utilizing the method explained by
Yu et al., 0.35 mM and 3.5 nm were determined as the concentration
and the size of the quantum dots, respectively.30 After the calculation,
the dispersion was then placed in a glovebox under inert atmosphere.

On the basis of such TOP dispersion of CdSe cores, the CdS shell
was grown as described in the following. Similar to the first step that
was described for the synthesis of CdSe cores, a mixture of TOPO (3
g) and hexylphosphonic acid (0.08 g), together with CdO (0.086 g),
was placed in a three-neck flask. Also, crystallized water had to be
removed before triggering the reaction. Then purging with nitrogen,
the flask was slowly heated up until 370 °C. In the meantime, sulfur
was dissolved in TOP to form a 2 M solution. The aforementioned
CdSe dispersion (0.8 mL), pure TOP (0.6 mL), and sulfur-TOP
solution were loaded in syringes and consequently injected into the
flask when temperature decreased to 350 °C. After a 6 min holding
period, the flask was rapidly cooled to room temperature and again
followed by an injection of 10 mL of methanol. After multiple times of
centrifugation at 7000 rpm for 5 min and washing with a mixture of
toluene and methanol, the collected CdSe/CdS core/shell NRs were
finally dispersed in toluene (10 mL).

2.2. Synthesis of CdSe/CdS/Au HNPs. First of all, HAuCl4 (10
mg) was dissolved in 1 mL of toluene with the help of 100 μL of
oleylamine. In another vial, 50 μL of the as-prepared toluene
dispersion of CdSe/CdS NRs was diluted to 2 mL by adding
additional toluene. The HAuCl4 solution and the NRs dispersion were
mixed in a three-neck flask and heated up to 50 °C and held for 5 h
under nitrogen flow. Finally, 10 mL of methanol was added to
precipitate the CdSe/CdS/Au HNPs. The as-prepared CdSe/CdS/Au
HNPs were separated by centrifugation at 11 000 rpm and finally
dispersed in 500 μL of toluene for use.

2.3. LB Deposition. Before the deposition was carried out, a KSV
Nima KN-2002 system was thoroughly cleaned with isopropyl alcohol
for at least three times. After cleaning, the basin was filled with DEG
as a subphase. Then a transmission electron microscopy (TEM) grid
was mounted onto the workshop-made sample holder of the dipper,
followed by dipping into DEG. By using a microliter glass syringe, the
aforementioned toluene dispersion of HNPs was slowly spread out
onto the surface of DEG to form a homogeneous floating layer. The
floating layer was then slowly compressed at a constant rate of 1 mm/
min until the desired target pressure was achieved. After the
compression process, the TEM grid was lifted up at a rate of 1
mm/min. Finally, the grid was placed in a vacuum oven to allow it
completely dry at room temperature overnight.

2.4. Characterization. TEM images, absorption spectrum, and
FT-IR spectrum were measured by using a transmission electron
microscope (JEOL JEM- 1011), a Cary 5000 UV−vis-NIR
spectrophotometer, and a Varian 660 FTIR spectrophotometer,
respectively.

Crystal Growth & Design pubs.acs.org/crystal Article

https://dx.doi.org/10.1021/acs.cgd.0c00582
Cryst. Growth Des. 2020, 20, 5890−5895

5891

pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c00582?ref=pdf


3. RESULTS AND DISCUSSION
Figure 1a,c,e shows TEM images of (a) the initial CdSe/CdS/
Au HNPs (before LB deposition), (b) the HNPs quenched

during LB deposition when the surface pressure reaches at 8
mN·m, and (c) the HNPs obtained after LB deposition, that is,
when the surface pressure reaches 14 mN·m. The correspond-
ing size distribution histograms of diameter of the gold MNCs
and length of the CdSe/CdS NRs are reflected in Figure 1b,d,f.
It is noted that the size distribution analysis was based on the
observation of 200 MNCs for each sample; thus, TEM images
obtained in a larger scale that contain more MNCs are shown
in Figure 1Sa−c (Supporting Information), respectively. First
of all, Figure 1a shows that after being immersed in a HAuCl4−
oleylamine precursor solution, the CdSe/CdS NRs were all
decorated with multiple tiny gold clusters. Such a structure is
consistent with that reported by van Huis et al.31 The
mechanism of the anchoring and the reduction of Au3+ ions on
the surface of CdS nanorods is believed due to the higher
stability of AuxSy in comparison to CdS. Then, during the LB
deposition, an electrochemical ripening process takes place, in
which a single large gold MNC forms on each original host NR
at the expense of the tiny ones. Such a tendency is evidenced
by the increase in the average size of the MNCs (from 2.87 nm
(b) to 8.25 nm (f)) together with the decrease in the average
number of the MNCs on each NR (from ∼6 (a) to 1 (e)).
Besides, different from the previous reports in which NRs was
found to have shrunk significantly in length with the growth of

anchored MNCs, in our research, the length of the NRs was
found to be largely preserved as reflected from the average size
of the NR before (41.75 nm (b)) and after the LB deposition
(39.96 nm (f)).16 This can be first attributed to the room
temperature for LB deposition and second to the neglectable
corrosiveness of DEG compared to the previously used
organobromine compounds. Moreover, the TEM images
show that majority of the HNPs were self-organized in bundle
arrays with a visible and uniform distance between individuals.
It means throughout the LB deposition process, the HNPs are
persistently covered with surface ligands, which effectively
provide a repulsive steric force to prevent hydrogen-bonding
induced, uncontrollable large-scale aggregation. To the best of
our knowledge, such self-assembly behavior is commonly
observed in oil-phase prepared CdSe/CdS NRs; however it
becomes fairly challenging to maintain if the NRs are
decorated with additional domains (such as metal and silica)
according to previous publications.16,27,30,32 This is likely due
to the disordering or partial loss of the original compactly
arranged capping ligands during further chemical reactions.
To track the evolution of capping ligands on the CdSe/

CdS/Au HNPs throughout the reaction, FTIR spectroscopy
was performed on the samples (i) before and (ii) after LB
deposition, together with (iii) the pure DEG as a reference, as
shown in Figure 2. It is noted that before the measurements,

samples (i) and (ii) were all washed with methanol multiple
times in order to thoroughly remove the excess ligands and
solvents. For the HNPs before LB deposition (spectrum (i)),
the most prominent vibration peaks are observed at 2956,
2923, and 2854 cm−1, which can be assigned to the asymmetric
stretching vibration mode of CH3, asymmetric, and symmetric
stretching vibration modes of CH2, respectively; two less
prominent peaks take place at 1492 and 1463 cm−1, which can
be assigned to the asymmetric in-plane and symmetric rocking
mode of CH3, respectively; also, cluster peaks are observed at
around 1082 cm−1, which can be assigned to the PO stretch.
Evidently, all the vibration peaks observed here are the
characteristic modes of phosphonic acids including TOPO,
TOP, and ODPA used during synthesis of CdSe/CdS core/
shell SNCs. This finding is in good agreement with previous
reports published elsewhere.33,34 However, the spectrum does
not show any typical characteristics of amine groups such as
the potential peaks at 1576 and 3300 cm−1 that correspond to
the NH2 scissoring mode and the ν (N−H) stretching mode,

Figure 1. TEM images and the corresponding size distribution
histograms (the black columns show the diameter distribution of the
gold NPs, and the gray columns show the length distribution of the
NRs; the red curves were generated by Gaussian fitting based on each
of them) of (a, b) the initial CdSe/CdS/Au HNPs (before LB
deposition), (c, d) the HNPs quenched during LB deposition when
the surface pressure reaches at 8 mN·m, and (e, f) the HNPs obtained
after LB deposition when the surface pressure reaches 14 mN·m. The
scale bar for the TEM images is 50 nm.

Figure 2. FT-IR spectra of CdSe/CdS/Au HNPs (i) before and (ii)
after LB deposition, and (iii) pure DEG.
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respectively. It means although oleylamine was used as a
stabilizer for Au3+ ions during the initial gold cluster
attachment on the surface of CdSe/CdS core/shell SNCs, all
(or at least majority) of them did not passivate or reside on the
surface of SNCs but were removed through the washing
process. For the spectrum obtained on sample (ii), a new wide
band centered at 3300 cm−1 appears. Besides, the afore-
mentioned cluster peaks centered at around 1082 cm−1 saw an
obvious splition together with a significant increased relative
intensity with respect to that of the methyl-group generated
vibration peaks at around 3000 cm−1. In order to understand
the origination of such a difference between sample (i) and
(ii), the spectrum was also obtained on the pure DEG (iii). On
the basis of the spectrum of DEG, it is undoubtable that the
wide band centered at 3300 cm−1 in sample (ii) is attributed to
the −OH vibration of DEG. Besides, the enhanced intensity in
the cluster peaks at around 1082 cm−1 also highly likely
originates from the added peaks in DEG, which correspond to
the −CH2−O−CH2− band. More importantly, it can be seen
that spectrum (ii) is neither completely the same as (i) nor
(iii), in terms of the ratio of the intensity of the peaks at
around 3000 cm−1 to that at around 1082 cm−1. Instead,
spectrum (ii) appears as a merging of (i) and (iii), indicating a
coexistence of phosphonic acid and DEG ligands after LB
deposition. Such a phenomenon is in good agreement with
previous reports, in which people believe that nanoparticles
can transform to a “Janus”-like structure when trapped at the
water/oil (or air/oil) interface by partially exchanging their
covered ligand.35,36

On the basis of the above discussion, the mechanism for the
gold ripening growth is summarized and schematically
illustrated in Figure 3. Initially, toluene-dispersed CdSe/

CdS/Au HNPs was stabilized by TOPO/TOP. When the
dispersion of HNPs was added dropwise to the surface of
DEG, the HNPs remained suspended in the toluene phase
floating on the top of DEG. Therefore, the surface of the
HNPs was still homogeneously covered with the hydrophobic
phosphonic acids. With the evaporation of toluene, the vicinity
environment of the HNPs rapidly evolved from an oil/DEG
interface to an air/DEG interface. Then, the hydrophobic
phosphonic acids that attached on the bottom part of the HNP
surface were exchanged by DEG ligands spontaneously. Similar
processes have been proven energetically favorable because
they can decrease the interfacial energy between the HNPs and
DEG.37,38 Since then, the original hydrophobic HNPs were
changed into hydrophobic/hydrophilic “Janus” structures
which allow them to float stably on the surface of DEG.39

Together with the ligand exchange process, the original tiny
gold MNCs ripened into a larger single gold MNC on each
host NR. Indeed, there exists one argument: if it is possible
that the ripening of tiny gold MNCs takes place not only on
individual host NRs but also happens between multiple
adjacent ones. If this is the case, there should be a noticeable
number of empty NRs that lost all their original tiny MNCs
during the ripening process. In consideration, we counted the
number of large gold NPs and also the number of NRs in
Figure 1e. The ratio of the number of MNCs to that of NRs
was found indeed close to 1, and therefore we believe that the
tiny gold MNCs, which serve as the ripening source, only
migrate along their original host NRs. Besides, it is crucial to
clarify the relation between the gold ripening and the ligand
exchange processes that both took place during the LB
deposition. Hence, a controlling experiment was performed by
simply mixing 500 μL of toluene dispersion of the initial
CdSe/CdS/Au HNPs and 500 μL of DEG in a closed glass vial
under vigorous stirring (that is, without using LB deposition,
thus also without toluene evaporation). Similar reaction
processes, usually named as a “bi-phase” ligand exchange
reaction, can be found elsewhere.39,40 After 72 h of stirring, the
HNPs were washed with methanol multiple times and then
finally dispersed in methanol for TEM and FT-IR measure-
ments, which are shown in Figure 4, panels a and b,

respectively. The TEM image indicates that even after a
much longer reaction time (72 h) compared to that used in LB
deposition (4 h), no visible ripening of gold MNCs happened
on the NRs. However, the FT-IR shows that the spectrum
taken on the sample was exactly the same as that of pure DEG
(Figure 2 (ii)), implying that all of the original TOP/TOPO
ligands were completely substituted by DEG. First, the
controlling experiments suggest that the ligand exchange can
be a transit process when the surface of HNPs is exposed to
DEG atmosphere and is much faster and easier with respect to
the gold ripening. Second, assuming that the ligand exchange

Figure 3. Schematic representation of the gold MNC ripening and the
ligand exchange behavior on the NRs during LB deposition upon
toluene evaporation.

Figure 4. TEM image (a) and FT-IR spectrum (b) of the controlling
sample. The scale bar for the TEM image is 100 nm.
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process is fast and easy, the FT-IR spectrum shown in Figure 2
(ii) is more likely due to a complete substitution only on the
bottom surface of the NRs, rather than a partial substitution
around the whole surface. Therefore, it supports the assumed
formation of a “Janus” structure. Third, in the LB deposition
the HNPs are entrapped at the air/DEG interface, while in the
“bi-phase” controlling experiment, the MNCs are entrapped at
the toluene/DEG interface. It is therefore deduced that the
air/DEG interface plays the key role in triggering the MNC
ripening process by enhancing the mobility of the tiny MNCs
along the longitudinal direction of the NRs.
Absorption was carried out to study the effect of Au ripening

on the optical properties of the HNPs. Figure 5 shows the

absorbance spectrum of the neat CdSe/CdS NRs (black), the
initial CdSe/CdS/Au HNPs before LB deposition (red), the
HNPs quenched during LB deposition when the surface
pressure reaches at 8 mN·m and (blue), and the HNPs
obtained after LB deposition (green). Absorption band from
CdSe-core (585 nm) and CdS-shell (490 nm) is only visible
together in the neat NRs sample, as shown in Figure 5b. Upon
attachment of the tiny gold MNCs, the absorbance in the
visible spectrum is largely enhanced together with a complete
disappearance of all the absorption characteristics of the neat
NRs. With an increase of the gold MNCs during LB
deposition, the absorbance in the visible spectrum is further
enhanced, with absorption band at around 600 nm gradually
emerging, as shown in Figure 5c. However, we notice that the
average size of gold MNCs reaches 8 nm after LB deposition
(Figure 1e,f), which in principle cannot solely give rise to a
surface plasmon resonance at 600 nm.5 According to previous
reports that deal with similar gold-NR hybrid structures, the
spectrum observed here may not reflect a simple sum of
spectra from gold and NR. Instead, it reflects a modified
electronic structure of the metal−semiconductor mixed
system, which usually exhibits broadened levels and a reduced
band gap.10,16 This means that the observed weak 600 nm peak
may due to a red-shifting of the surface plasmon band
generated by the formed 8 nm gold MNCs.

4. CONCLUSION
We have demonstrated the formation of a gold-CdSe/CdS
heterogeneous hybrid structure with the size of gold MNCs
reaching 8.2 nm by utilizing the LB deposition process. During
the process, originally attached tiny gold MNCs migrate along
the air/DEG interface and eventually ripen into a single large
gold MNC on each host CdSe/CdS NR. This is found
accompanied by a ligand exchange procedure, which perhaps
results in a hydrophobic/hydrophilic “Janus” structure on the
final HNPs. Moreover, thanks to the room temperature
condition and low corrosiveness of the chemicals used in the
technique, the resulting HNPs show no significant shrinkage in
the length of the NRs. We believe that this novel technique is
also promising for growing other kinds of heterogeneous
structures in which the components need to reach specific
sizes.
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