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Monodisperse Hollow Supraparticles via Selective

Oxidation

Yunsheng Xia and Zhiyong Tang*

A novel and general strategy to fabricate monodisperse hollow supraparticles
(SPs) via selective chemical oxidation is developed. Core-shell SPs made of
semiconductor nanocrystals (NCs) are first obtained by an in situ assembly
method. Subsequently, the cores can be selectively removed by preferential
oxidation with dilute H,0,, resulting in formation of monodisperse hollow
SPs. The structural parameters of the products, such as size, shell thickness,
and composition, are tailored easily. The hollow structures achieved from
CdSe/CdS core-shell SPs possess high fluorescence quantum yields and a
large Stokes shift, the latter is remarkably different from that of conventional
organic dyes and quantum dots. In addition to simple hollow structures,
rattle-type nanostructures composed of semiconductor SPs or noble metal-
semiconductor hybrids are also prepared, exemplifying the versatility of the

proposed strategy.

1. Introduction

Nanomaterials with well-defined morphologies are of signifi-
cant interest from fundamental research to technical applica-
tions because of their novel optical, electrical, magnetic and
catalytic properties.'?l Among those materials with distinct
structural and geometrical characteristics, hollow nanostruc-
tures have received considerable attention recently due to
their many applications in confined-space chemical reaction,
catalysis, controlled delivery, biomedical sensing and diagnosis,
etc.3-8 Until now, hollow nanostructures of various compounds
have been fabricated by different synthetic approaches. Gener-
ally, there are three methods, namely kirkendall effect,!®!% Ost-
wald ripening!''~"3l and galvanic replacement,'*" to be used
for preparation of hollow nanostructures with crystalline mate-
rials. Unfortunately, all the three methods have application lim-
itations. For example, kirkendall effect often takes effect at the
elevated temperature to accelerate the outward diffusion of sub-
stances from the cores,” and its exact process need be further
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elucidated.™) Ostwald ripening is suit-
able for synthesis of hollow metal oxide
structures with considerably large sizes
(several hundred nanometers),l'2 while
galvanic replacement is only applied for
noble metal nanoparticles (NPs). So, it is
highly desirable to explore new strategies
for fabrication of hollow nanostructures,
especially semiconductor materials or
semiconductor-based hybrids with unique
optical/electrical properties.

Alternatively, chemical etching is a
versatile and reliable method for fabrica-
tion of hollow nano-/micro- structures
via selective removal of the cores from
the preformed core/shell structure, which
is based on the difference in chemical
stability of the core and shell materials.
However, the precondition of chemical
etching method is requirement of noncrystalline or amorphous
shells,>1% because, differently from the crystalline shells, the
amorphous coating facilitates the entrance of etching agents
(small molecules or ions) and thus benefits selective removal of
the cores. As a result, the majority of the hollow nanostructures
produced by chemical etching are amorphous silica that lacks
interesting optical/electrical properties.

Herein, we suggest that a new type of core-shell nanostruc-
tures composed of supraparticles (SPs) can be good candidates
for fabrication of hollow materials.l'”] Compared with conven-
tional single crystalline or polycrystalline core-shell nanostruc-
tures, the etching agent, dilute H,0,, easily diffuses into the
interior of SPs due to many grain boundaries among individual
NP units in the shells. Therefore, the cores of SPs are selec-
tively removed by preferential oxidization with dilute H,0,,
resulting in formation of hollow SPs with controllable sizes,
shell thicknesses and compositions. Impressively, in addition
to simple hollow structures, this method is applicable for syn-
thesis of rattle-type nanostructures with either semiconductor
or noble metal cores. It is noted that all the hollow SPs exhibit
specific and tunable optical properties, which are different from
conventional dye molecules or quantum dots.

2. Results and Discussion
2.1. Monodisperse Core-Shell SPs
Monodisperse SPs are prepared by in-situ assembly method

that we developed recently.'”] Figure 1A,B represent typical
SEM and TEM images of CdSe SP cores obtained by directly
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Figure 1. SEM and TEM images of CdSe SP cores with the diameters of
34.2 nm (A,B). SEM and TEM images of CdSe/CdS core-shell SPs with
the diameters of 39.4 nm (C,D) (referred to as CdSe/CdS-40), 44.4 nm
(E,F) (referred to as CdSe/CdS-44), and 49.7 nm (G,H) (referred to as
CdSe/CdS-50). HRTEM images of CdSe SP cores () and CdSe/CdS-50
core-shell SPs ()).

heating the precursor solution at 90 °C for 24 h. All CdSe SPs
have uniform spherical shapes with the average diameter of
about 34.2 nm, in which individual CdSe nanocrystals (NCs)
are clearly discerned (white circles in Figure 1B). HRTEM image
(Figure 1I) further shows that the CdSe SPs are polycrystalline
in structure, and the lattice plane spacings are measured to be
0.35 nm for (111) and 0.21 nm for (220), respectively, which
are typical for zinc blende CdSe structures. The mean sizes of
individual CdSe NCs inside the SPs are about 3.0 nm.

After addition of thioacetamide (the molecular ratio between
S and Se precursors is 1:1) into the solution containing CdSe
SPs and reacting for 24 h at 70 °C, the average size of the SPs
increases from 34.2 to 39.4 nm (Figure 1C,D). As comparison,
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CdSe SPs keep their size almost invariable under the same
experimental conditions in absence of thioacetamide (not
shown). Therefore, increase in the size of SPs should result
from coating of CdS layer around CdSe SPs. Moreover, as the
concentrations of thioacetamide are gradually increased (the
molecular ratios between S and Se precursors are changed to
2.3:1 and 4.0:1, respectively, meanwhile Cd** concentration
remains always excessive), the size of SPs correspondingly
increases to 44.4 nm (Figure 1E,F) and 49.7 nm (Figure 1G,H).
According to their diameters, the three types of core-shell SPs
are named as CdSe/CdS-40, CdSe/CdS-44 and CdSe/CdS-50,
respectively. It should be pointed out that S precursors, thioa-
cetamide, are added in the solution of CdSe SP cores step
by step in order to avoid possible assembly of CdS itself and
accurately tune the thickness of CdS shells. Both SEM (Figure
1C,E,G) and TEM (Figure 1D,F,H) images reveal that all the
products are monodisperse SPs, and no small SPs and separate
NCs are found. These results indicate that the capping proc-
esses are effective and uniform. As shown in Figure 1], three
different lattice plane spacing are observed in the HRTEM
image of CdSe/CdS-50, and their values are 0.33, 0.20 and
0.17 nm, corresponding to the (111), (220) and (311) planes of
zinc blende CdS, respectively. The average size of individual
CdS NCs in the shells is about 3.0-5.0 nm. All the above results
definitely indicate that CdSe SP cores are capped by CdS NCs
to form core-shell SPs. The thicknesses of CdS layers for CdSe/
CdS-40, CdSe/CdS-44 and CdSe/CdS-50 are calculated from
TEM images to be 2.6, 5.1 and 7.8 nm, respectively. Interest-
ingly, we notice that the monodispersity of the SPs is improved
with CdS coating. As shown in Table S1, the size distribution
of CdSe SP cores is 12.0%, as determined by TEM. After CdS
coating, the dispersity of CdSe/CdS-50 samples is decreased
to 7.7%. The reason might be ascribed to the fact that small
SP cores containing less CdSe NCs have weak Coulomb repul-
sion for exterior NCs, which preferentially attach CdS layers
compared with large SPs.'’l In addition, the average sizes of
CdSe cores and three CdSe/CdS core-shell SPs are measured
by DLS technique to be 42.7, 49.4, 55.3 and 59.9 nm, respec-
tively (Figure S1, Supporting Information).The values obtained
by DLS technique are the hydrodynamic diameters of particles,
which are larger than the values obtained by TEM imaging due
to presence of a hydration layer and the stronger scattering of
larger particles.'® Nevertheless, DLS results confirm that all
assembly processes take place in solution rather than on the
substrates during drying.

The core-shell structures of CdSe/CdS SPs are directly dis-
closed by EDX elemental mapping and line scan. Figure 2
shows the HAADF-STEM image of CdSe/CdS-50 and corre-
sponding EDX elemental mapping of S, Se, and Cd, which can
give us some straightforward information on the structure of
the as-prepared SPs. First, Se element (Figure 2D) is located at
the center of each SP, and its area is obviously smaller than that
of S (Figure 2C) and Cd (Figure 2B). Second, more S element
is located at the periphery of the SPs in respect to the center
position (Figure 2C). Lastly, the profile of Cd element is coinci-
dent with that of S, but its distribution is uniform on the whole
SPs (Figure 2B). Altogether, Figure 2 gives us a doubtless proof
for formation of CdSe/CdS core-shell nanostructures. Based on
Figure 2B-D, the thickness of the CdS layer for CdSe/CdS-50 is
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Figure 2. HAADF-STEM image of CdSe/CdS-50 (A), and corresponding EDX mapping of Cd

(B), S (C), and Se (D). Line scan of CdSe/CdS-50 (E).
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Figure 3. UV-Vis (solid curves) and fluorescence (dashed curves) spectra
of CdSe and CdSe/CdS SPs with different shell thicknesses.

estimated to be about 5.1 nm, which is slightly smaller than that
obtained by TEM imaging. The reason should arise from mutual
penetration of CdSe and CdS NCs at their interface, since the
edge of CdSe SP cores is rather rough (Figure 1A). In addition
to core-shell structure, EDX line scan also proves the interpen-
etration of CdSe into the CdS at the interface of the products
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absorption peak of the CdSe/CdS-40 products
shows a little red shift and a new absorption
shoulder appears at 400-450 nm (the second
solid curve from bottom). Simultaneously,
the fluorescence peak shifts from 589 to
606 nm with an obvious intensity enhance-
ment (the first dashed curve from top). The
bathochromic shifts of both absorption and
fluorescence peaks originate from delocali-
zation of the electron and hole wave func-
tions of the CdSe cores into the CdS shells,
which are similar with those of conventional
CdSe/CdS core-shell quantum dots.?”! The
new absorption characteristic at 400-450 nm
is assigned to formation of the CdS shells,
while the fluorescence enhancement of the
SPs after coating is also attributed to the pas-
sivation effect of the CdS shells. As the SPs
are capped in succession by the CdS shells, the peak positions
of both the first absorption and fluorescence of the products
have no obvious changes. However, the absorption intensity
below 450 nm increases remarkably, indicating the increased
thickness of the CdS shells around the SP cores.

2.2. Hollow SPs via Selective Oxidation of Core-Shell SPs

To obtain hollow nanostructures via selective etching of the
core-shell SPs, H,0, is selected as the etching agent due to
the mild oxidation property and no additional side products
except for H,0.21:22l Figure 4A represents UV-Vis spectra of the
CdSe/CdS-50 solution via gradual oxidization by H,0,. Notably,
the absorption shoulders at 550-600 nm belonging to CdSe
cores show continuous blue shifts with an obvious decrease
in their intensities, eventually leading to almost disappear-
ance of the absorption features. As comparison, the absorption
characteristics of CdS at 400-450 nm keep always distinct in
whole oxidization processes. We also notice that the intensity at
shorter wavelength, 400-450 nm, decreases with gradual oxida-
tion. Such a decrease of absorption intensity is mainly assigned
to the oxidation of CdSe, because the absorption band of CdSe
NCs is very broad and extends to UV region. Based on evolution

(Figure 2E).

The gradual coating processes can be in- :
situ monitored by both UV-Vis and fluores- A —0 day B —0 day
cence spectra (Figure 3). CdSe SP cores have 2 days 2 days
an obvious absorption shoulder at 547 nm (the 5 4 days =5 ——4 days
first solid curve from bottom), so the average = © 6d ® 6 days
size of CdSe NCs within SPs are calculated to & ays > —=8days
be 3.0 nm by empirical equations,!'”) which = —3 days @ - :ays
is in good agreement with the value esti- 5 ——10 days _gi 12 dave
mated from TEM imaging. It is evident that B \ 12 days =
the CdSe SPs exhibit quantum confinement <C A /
effect similar to that of single CdSe NCs. The
CdSe SPs show rather weak fluorescence with M _— \
a peak located at 589 nm (the dashed curve 300 400 500 600 700 400 500 600 700
from bottom), and the fluorescence quantum Wavelength/nm Wavelength/nm

yields (QYs) are below 0.2%. Once the CdSe
SP cores are capped by CdS shells, the first
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Figure 4. UV-vis and fluorescence spectra of CdSe/CdS-50 with different oxidation times.
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Figure 5. TEM images of CdSe/CdS-50 with different oxidation time before etching (A), etching for 4 days (B), 8 days (C,E), and 12 days (D,F).
E,F) Show HRTEM images of (C,D), respectively. HAADF-STEM image of CdSe/CdS-50 after etching for 12 days (G). EDX line-scan profiles (H) of

single SP in (G).

of absorption spectra, we can conclude that CdSe cores in the
core-shell SPs are preferentially oxidized. Such selective etching
of CdSe cores is in contradiction to the previous report on mono-
disperse CdSe/ZnS core-shell quantum dots or CdSe/ZnS/
CdSe core-shell-shell quantum dots, in which the etching proc-
esses were found to proceed from outside to inside and stopped
immediately once the outer layer could not be oxidized.?’]

To further clarify the oxidization behavior of the core-shell
SPs, TEM and corresponding EDX are used to study the evolu-
tionary changes of the nanostructures with different oxidation
time (Figure 5). Before oxidation, the CdSe/CdS core-shell SPs
appear uniform for the whole particles because CdSe and CdS
have similar contrast. After oxidized for 4 days, the contrast at
the central part of each SP becomes weak (Figure 5B), indi-
cating formation of hollow structures. This observation is con-
sistent with the result of UV-Vis absorption spectra, in which
the central CdSe cores are found to be preferentially etched
(Figure 4A). Generally, the oxidation product of CdSe is CdSeO,
instead of CdO,?* because the latter is unstable especially
in aqueous solution.’! Differently from observation on the
etching behavior of oleic acid capped CdSe quantum dots,[2%7]
we did not find white precipitate of CdSeO; during oxidation
of CdSe/CdS SPs. The possible reason is the strong coordina-
tion effect of largely excessive citrate stabilizers for Cd?" ions,
which effectively prevents formation of CdSeO; precipitates.
As expected, etching with longer time can remove more CdSe
cores, meanwhile generating dissolved Cd complexes and SeO;
anions in solution. As shown in Figure 5C,D, the thicknesses
of the CdS shells are correspondingly shrunk to 12-15 nm and
7-9 nm after etching for 8 and 12 days, respectively, while the
average diameter and size distribution of the hollow structures
remain 46 nm and 7.7%, respectively. HRTEM and SEM
images confirm that the CdS NCs in the shells keep relatively
intact (Figure SE,F, and Figure S2 (Supporting Information)),
which is consistent with the result of UV-Vis absorption spectra
(Figure 4A). The EDX line-scan profiles of single SP via etching
for 12 days are shown in Figure 5H, which gives us a distinct
proof for formation of the hollow structures. Figure 5H also

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

demonstrates that not all the Se element near the shells can
be removed even after etching for 12 days, which is reasonable
considering that interpenetration of CdS and CdSe may effec-
tively protect CdSe at the interface from etching.

Preferential oxidation of CdSe is easily to be understood
because the reducibility of Se?~ (-0.92 V) is stronger than that
of S*~ (-0.48 V). The only raised question is why outer CdS
layer cannot prevent oxidation of inside CdSe cores, just as the
previously-reported CdSe/ZnS core-shell quantum dots??2! To
directly compare the difference of the oxidization behaviors, we
also synthesized conventional CdSe/CdS core-shell quantum
dots for control experiments. For CdSe/CdS core-shell quantum
dots, the absorption characteristics of CdSe (550-600 nm) keep
almost invariable and CdS absorption intensities (<450 nm)
show obvious decrease after oxidation for 3 days; while for
CdSe/CdS core-shell SPs, the absorption peaks of CdSe exhibit
evident blue shifts and the peak intensities decrease under
the same oxidative conditions (Figure S3, Supporting Infor-
mation). These control experiments clearly demonstrate that
oxidation of conventional core-shell quantum dots starts from
the outside CdS shells rather than easily-oxidized CdSe cores.
The difference in the oxidation behaviors results from the dif-
ference in the structures. The shells of conventional core-shell
quantum dots are complete with single crystalline or polycrys-
talline structures, in which no interstice exists. So the oxidation
process has to go on from outside to inside, or stop immedi-
ately if the outer layer cannot be oxidized. For core-shell SPs,
the CdS shells are formed via assembly of small CdS NCs and
there are many spaces between NC building blocks (Figure 1).
Thus, small molecules, such as H,0,, easily diffuse into the
CdSe cores of SPs along their grain boundaries. Furthermore,
our recent study reveals that the packing density of CdSe NCs in
the cores is nonuniform and it increases from the center to the
edge because of the larger Coulomb repulsion in the center.['”]
This unique structure gives rise to oxidation starting from the
loosely packed centers of the cores (Figure 4 and Scheme 1).

The prepared hollow SPs show unique fluorescence proper-
ties. Figure 4B presents the fluorescence spectra of CdSe/CdS-50

Adv. Funct. Mater. 2012, 22, 2585-2593
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Further oxidation

Hollow SPs

Scheme 1. Formation process of hollow SPs.

with different oxidation time. The fluorescence peaks of CdSe/
CdS-50 exhibit monotonous blue shifts during oxidation due
to the continuous decrease of CdSe sizes. On the other hand,
the change of the fluorescence intensity is complex. At the early
stage, the fluorescence intensity increases with the oxidization
time prolonging, and the fluorescence QY of the hollow SPs
gets up to the maximum 44% after 8 days. Subsequently, the
fluorescence intensity becomes decreasing. Because of the high
QY and narrow full width at the half peak height (30-50 nm,
dependent on the oxidization time), such fluorescence should
originate from the CdSe cores instead of surface state recombi-
nation of the CdS shells. Up to now, although a few CdS- and
other semiconductor- based hollow structures had been synthe-
sized based on different mechanisms,?#-3% their optical proper-
ties, especially fluorescence QYs, have never been mentioned.
Herein, the unusually high QY of the hollow SP structures
is mainly ascribed to three reasons. First of all, the prepared
products possess well-defined nanostructures. The cores and
shells are respectively composed of several nanometer sized
CdSe NCs and CdS NCs with obvious quantum confinement
effect, which provide the potential of excellent optical proper-
ties. Also, CdSe NCs in the cores are capped by CdS NCs in the
shells, which makes the CdSe surface passivated just like that
of conventional CdSe/CdS core-shell quantum dots.?% Second,
the mild oxidization is employed in the experiments. As-pre-
pared SPs have very low QY (<1%) before oxidization due to the
fact that there are large numbers of traps on the CdSe NC sur-
face synthesized at rather low reaction temperature (<100 °C).
After they are oxidized by dilute H,0, with natural light, the
surface traps are effectively removed, leading to strong fluo-
rescence. Similar oxidation-induced enhancement of CdSe NC
fluorescence has been discussed in the literatures.[?02731] Lastly,
the effect of fluorescence resonance energy transfer (FRET) in
SPs might enhance the CdSe emission. When two quantum
systems are close to each other within the distance of less than
10 nm, FRET process will happen if their optical bands are well
overlapped.?”l Herein, many CdS NCs in the shells have strong
absorbance at the short wavelength, and the corresponding

Adv. Funct. Mater. 2012, 22, 2585-2593
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energy at the excitation state can be effectively transferred to
the adjacent CdSe NC cores via the FRET process, considering
that the broad absorbance of CdSe NCs overlaps the emission of
CdS shells. The fluorescence spectra also give us some informa-
tion about occurrence of FRET. In the beginning, there is only
one fluorescence peak from CdSe NCs. However, an additional
peak appears at 442 nm (from CdS NCs) after 8 days oxidation.
The intensity of the fluorescence peak at 442 nm increases with
the oxidization time prolonging. The reason for appearance of
the fluorescence peak at 442 nm and its changes in intensity
could be interpreted by the FRET effect. At first, emission of
CdS NCs in the shells is effectively quenched because of FRET
from CdS to CdSe. However, as more and more CdSe NCs in
the cores are etched, the residual CdSe NCs cannot “accept”
whole energy from CdS NCs. So, some excessive energy of CdS
NCs at the excitation state is relaxed through radiative recom-
bination (fluorescence). It should be stressed that thanks to
FRET occurrence, the fluorescence of the hollow SPs displays
very large Stokes shift (>100 nm, as shown in Figure 4), which
is remarkably different from that of conventional organic dyes
and quantum dots.19203233] Therefore, such specific optical
properties make the monodisperse hollow SPs have potential
applications in biology and photonic crystals. We also notice
that both the positions and intensities of the fluorescence peaks
of the hollow structures become relatively stable after oxida-
tion for 8 days, which might result from the fact that CdSe at
the interface is protected by CdS due to interpenetration. This
hypothesis can be supported by structural analysis from TEM
imaging and the corresponding line scan (Figure 2).

The optical photographs record the color and fluorescence
changes of CdSe/CdS-50 solution with different oxidization
time (Figure 6). The solution keeps transparent all the time,
and its color varies from orange to green because of gradual
decrease of the amount ratio of CdSe to CdS. Under UV light,
the SP solution shows strong fluorescence after oxidation, and
its emission color is easily modulated from red to green just by
controlling the oxidation time.

Lastly, the structural parameters of the hollow SPs could
be easily tailored by altering the experimental conditions. For
example, the shell thickness can be tuned by the degree of
oxidation degree or the thickness of pre-coating CdS layer.
The shell thickness of the hollow nanostructure is about
12-15 nm (Figure 5C,F) after oxidation for 8 days and 7-9 nm

Figure 6. Photographs of CdSe/CdS-50 solution under room lighting
(top) and UV light (bottom) with different oxidation times.
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Figure 7. TEM images of hollow SPs with different parameters. Hollow
CdS SPs with shell thickness of 5-7 hm from CdSe/CdS-44 (A), CdSe/
CdS-19 (B), and CdSe/CdS-26 (C). ZnS hollow SPs from ZnSe/ZnS (D).
The overall sizes of the samples in panels (A, B, C, and D) are 42, 18, 24,
and 54 nm, respectively, while the corresponding size distributions are
8.4%, 9.5%, 7.6%, and 10.5%, respectively.

after oxidation for 12 days (Figure 5D,F). It is notable that
the mild etching reaction can be stopped at any time by
removing H,0, using sodium sulfite. Similarly, hollow SPs
with thinner CdS shell (only 5-7 nm) as shown in Figure 7A
can be obtained while oxidizing CdSe/CdS-44. Except for the
shell thickness, the size of the hollow SPs could also be tuned
by changing the size of the CdSe NC cores. For example, as
shown in Figure 7B,C, hollow CdS SPs with the diameters
of 18 nm and 24 nm can be obtained by smaller CdSe/CdS
SPs as templates, respectively. It is noted that the diameters
of hollow SP products are slightly smaller than those of the
mother templates (19 nm and 26 nm). A plausible explanation
is that there are many voids between CdS NCs in the shell, so
the shrinkage of the SPs occurs as the inner layer is etched
away. In addition to hollow CdS SPs, the present approach
could easily extend to other types of semiconductor materials.
As an example, Figure 7D presents hollow ZnS SPs obtained
from ZnSe/ZnS SPs (Figure S4 and S5, Supporting Informa-
tion) by the identical oxidization process. In principle, any
types of hollow SPs can be obtained by this strategy as long as
the cores and shells of SPs exhibit difference in the oxidation-
reduction potentials.

Besides the tunable parameters of the hollow products, we
have found that other oxidation agent also gives rise to a similar
hollow structure. As shown in Figure S6 (Supporting Informa-
tion), CdSe/CdS core/shell SPs turn from solid to hollow by
bubbling oxygen for 7 days. The result demonstrates that the
selective oxidation method is versatile for synthesizing hollow
structures.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.3. Rattle-Type SPs via Selective Oxidation
of Core-Shell-Shell SPs

Rattle-type (core in hollow) nanoparticles have recently attracted
much interest because of potential applications in many fields
arising from their specific structure.?** Since selective oxi-
dation of SPs is versatile, we hope to extend this method to
fabrication of rattle-type SPs. Firstly, CdS/CdSe/CdS core-shell-
shell SPs are constructed, and their well-defined structures are
resolved by TEM and the corresponding elemental mapping
(Figures S7 and S8).

The synthesized core-shell-shell SPs are treated by dilute H,0,.
As expected, the middle layer (CdSe) is oxidized preferentially
(Figure 8A). The SPs have a discernable rattle-type structure after
oxidation for 6 days (Figure 8B,E), and further oxidation produce
larger spaces between CdS cores and shells (Figure 8C,D,F). As far
as we know, rattle-type nanostructures that both cores and shells
are fully assembled by NCs have not been reported yet. Similar
to hollow CdS SPs, the monodisperse rattle-type SPs also exhibit
strong and tunable fluorescence, and the maximum QY gets up
to around 25% (Figure S11 and S12, Supporting Information).

Figure 8. TEM and HRTEM images of CdS/CdSe/CdS SPs with different
oxidization time: A) 3 days, B,E) 6 days, C,F) 9 days, and D) 12 days. Panels
(E,F) show HRTEM images of (B,C), respectively. The overall sizes and
size derivation of the samples in (A-D) remain about 52 nm and 5.8%.

Adv. Funct. Mater. 2012, 22, 2585-2593
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changed to uniform rattle-type structures
containing Au cores and CdS shells after
etching for 7 days (Figure 10A—C). Further-
more, the hollow space can be easily tuned
by the oxidation time (Figure 10D-F).

The different hybrid systems composed
of Au and CdS materials, such as match-
stick, dumbbell and core/shell structures
have been obtained, and their optical proper-
ties are depended on the exact hybrid struc-
tures.*3*! In the present system, solid Au/

before 3 days
oxidization | oxidization

S
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Wavelength/nm

Figure 9. A) UV-vis and B) fluorescence spectra of Au/CdSe/CdS SPs with different oxidation
time. Photographs of Au/CdSe/CdS SPs before and after oxidation for 3 days under room

lighting (insets of (A)) and UV light (insets of (B)).

Besides semiconductor materials, we could also obtain the
hybrid rattle-type SPs composed of gold cores and CdS shells.
To achieve such a structure, Au/CdSe/CdS core-shell-shell SPs
are firstly synthesized (Figure S13, Supporting Information).
HAADEF-STEM image (Figure S14, Supporting Information)
demonstrates that Au/CdSe/CdS structure is formed indeed.
As shown in Figure S15B (Supporting Information), the sur-
face plasmon resonance (SPR) absorption of Au NPs increases
gradually and shifts from 520 to 605 nm after growth of
18 nm thick CdSe (CdS) shell. Such a SPR red-shift is consistent
with the theoretical calculation result.*?l As the Au/CdSe/CdS
SPs are oxidized by H,0,, their SPR absorption decreases and
shifts to the short wavelength dramatically. It returns to 520 nm
after two days and maintains unchanged for further oxidation
(Figure 9A). At the same time, the solid core-shell-shell SPs

Wi
& %1‘;
%

ﬁ‘% m.

200 nm

600 700
Wavelength/nm

CdSe/CdS SPs do not show any fluorescence
because of many surface traps as well as
the strong quenching of Au cores.* Inter-
estingly, a visible fluorescence is observed
for hybrid SPs after etching by dilute H,0,
(inset in Figure 9B), although the emission
intensity is relatively weak (quantum yield is
about 0.8%) as compared to that of other SPs
(hollow CdS or rattle CdS/CdS nanostructures). The increased
fluorescence of hybrid SPs could result from two reasons.
Firstly, mild oxidation of H,0, effectively decreases the surface
traps of the particles, which is similar to that of above SPs. Sec-
ondly, removal of middle layer of CdSe weakens the quenching
effect of Au cores, as considering that the distances between
Au cores and some parts of CdS increase due to the movement
of cores in the rattle structures. Recently, semiconductor NC/
gold core-shell NPs with simultaneous fluorescence and sur-
face plasmon resonance (SPR) properties are demonstrated.*®!
In the present study, the SPs with a defined interior architec-
ture also exhibit both fluorescence and SPR characteristics.
This rattle noble metal-semiconductor hybrid nanostructure
may offer a new and interesting platform for study of exciton-
plasmon interactions.

Figure 10. Rattle-type Au/CdS nanostructures after etching by dilute H,0, for 7 days (A—-C) and 15 days (D-F). The overall sizes and size derivation

of the samples in (A-C) and (D—F) are 44 nm and 6.4%.
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3. Conclusions

By combination of in-situ assembly and selective oxidization,
simple hollow SPs or rattle-type SPs with narrow size distribu-
tions and high stability had been fabricated. The unique struc-
tures and formation processes endow the products with special
optical properties. The results reported here highlight that the
strategy combined self-assembly with rational chemical reac-
tion is promising to accurately tailor both the structures and
properties of hollow nanomaterials.

4. Experimental Section

Chemicals:  Cd(ClOy4),-6H,0, Zn(ClO,),-6H,0, sodium citrate
dihydrate, thioacetamide, NaOH and HAuCl4-3H,0 were purchased
from Alfa Aesar. N,N-dimethylselenourea was obtained from Sigma-
Aldrich. H,0, was purchased from Guoyao Company, China. All
chemicals were used as received. Milli-Q deionized water was used for
all the experiments.

Characterizations:  UV-Vis  absorption  (Hitachi U-3010) and
fluorescence spectroscopy (Horiba Jobin Yvon FM-4) were conducted
to record the optical properties of the products at room temperature.
Morphologies of the products were observed by scanning electron
microscopy (SEM, Hitachi S-4800, Japan) under the accelerating voltage
of 10 kV. The samples for SEM characterization were all prepared by
dropping the aqueous suspension of the SPs on clean silicon substrates
and then being dried in air. Characterizations of transmission electron
microscopy (TEM) were carried out on Tecnai G2 20 ST (FEI, America)
under the accelerating voltage of 200 kV. Scanning transmission electron
microscopy (STEM) and energy dispersive X-ray spectroscopy (EDX)
investigations were performed in G2 F20 U-TWIN (FEIl, America) using
a high-angle annular dark field (HAADF) detector. High-resolution TEM
(HRTEM) was also performed using a G2 F20 U-TWIN TEM operating
at 200 kV. SP dispersions in solution were analyzed for mean particle
diameter sizes using dynamic light scattering (DLS, Zetasizer Nano
ZS series; Malvern Instruments) with 633 nm laser wavelength and a
measurement angle of 173° (backscatter detection) at 25 °C. Before
analysis, SP samples were filtered through a 0.2 um filter.

Synthesis of Core-Shell SPs: All SPs were obtained based on the
previous report with some modification.l'] We used synthesis of CdSe/
CdS core-shell SPs with 34 nm cores as an example. Firstly, CdSe SPs
were prepared as the cores by in-situ assembly through the following
steps: (1) sodium citrate dehydrate (0.10 g) was dissolved in pure water
(90 mL) in a 150 mL flask; (2) Cd(ClOy),-6H,0 (0.0672 g) was added in
the flask under stirring; (3) The pH of the mixed solution was adjusted
to 9.0 by NaOH (0.4 M); (4) N,N-dimethylselenourea (0.003 g) was
added into the 150 mL flask after the mixed solution were bubbled with
argon for 15 min; (5) The prepared reaction solution was transferred to
a 250 mL three-neck flask and heated to 90 °C in oil bath for 24 h under
flowing argon for synthesis of CdSe SPs. After that, the obtained CdSe
SP solution was cooled naturally to room temperature for growth of CdS
shells onto CdSe SPs. Subsequently, thioacetamide (0.0015 g) was added
into the cooled CdSe SP solution and then the solution was heated to
70 °C for 24 h under argon flow so that CdSe/CdS core-shell SPs were
obtained. Note that the capping process could be repeated several times
for controlling thickness of the shell.

For SPs composed of 19 nm CdSe cores, the processes were the same
as those of 34 nm ones only except that 0.006g N,N-dimethylselenourea
was added. For SPs composed of 14 nm CdSe SPs, the solution
containing precursors was heated in a conventional 900-W microwave
oven for 60 seconds. For ZnSe/ZnS core-shell SPs, Cd(ClO,),-6H,0
was replaced by Zn(ClO,),-6H,0, and oil bath heating was replaced
by microwave heating for 30 min at 120 °C for synthesis of ZnSe SPs.
CdS/CdSe/CdS and Au/CdSe/CdS core-shell-shell SPs were obtained by

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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similar method except that two shell materials were added in sequence.
Au nanoparticles were synthesized based on the previous report.[*’]

Selective Oxidation of Core-Shell SPs: In a typical procedure, H,0,
(0.6%, 0.10 mL) was added every 24 h to the 12 mL CdSe/CdS SP
solution. For hollow ZnS SPs, H,0, (0.2%, 0.05 mL) was added every
24 h to the 12 mL ZnSe/ZnS SP solution. All solutions were placed
under natural light, and aliquot solutions were taken at different time so
as to monitor the oxidation process.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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