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Metal-Compound-Induced Vesicles as Efficient
Directors for Rapid Synthesis of Hollow Alloy
Spheres**

Xuanjun Zhang and Dan Li*

Vesicles in aqueous solutions are fascinating supramolecular
self-assembled structures that have extraordinary potential
for applications such as microreactors and nanodevices for
encapsulation and controlled release.'! Vesicles can form in
dilute solution from different surfactants or phospholipids
owing to their amphiphilic character.!”! Some ligands with
long alkyl chains can form vesicles upon coordination with
metal ions.I”) Vesicles can also form from nanoclusters by self-
assembly.’! Quaternary ammonium ions with short alkyl
chains do not form vesicles in the absence of other surfactants.
We found that tetrabutylammonium bromide (Bu,NBr) can
assembly rapidly into vesicles in water when mixed with some
metal compounds such as PdCl,, K[AuCl], AgNO;,
K,[PtCl,], or the mixtures of these compounds. These
metal-compound-induced vesicles can be applied as efficient
directors for the rapid synthesis of hollow alloy spheres.

The vesicle formation after the addition of metal com-
pounds into a Bu,NBr solution was evidenced by turbidity of
the solutions and the distinct red shifts of the UV/Vis
absorption (Figure 1). The absorbance of the K[AuCl,]
solution peaked at around 223 and 304 nm. When mixed
with KBr solution, the absorbance peaks shifted to 257 and
381 nm, respectively, which is ascribed to the replacement of
the CI” ligand by Br~, which has a weaker ligand field and
leads to a smaller splitting of the Au™ d orbitals. Broad
absorption peaks with large red shifts were observed after the
addition of Bu,NBr solution. This phenomenon was also
observed for the addition of Bu,NBr to PdCl,, AgNO;, or the
mixtures of these salts, and also led to turbidity of the
solutions. The formation of vesicles was visualized by trans-
mission electron microscopy (TEM) and scanning electron
microscopy (SEM) measurements. The sizes of the vesicles
were found to depend on their composition. Representative
TEM images of vesicles induced by PdCL/K[AuCl,]/AgNO;,
and PdClL/K[AuClL)/AgNO5/K,[PtCl;] (Figure 2a and b,
respectively) reveal hollow vesicles with sizes of approxi-
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Figure 1. Top: UV/Vis spectra of solutions of K[AuCl,] (1), K[AuCl,]+
KBr (2), and K[AuCl,]+ KBr+ Bu,NBr (3); Inset: photograph of
K[AuCl,] and K[AuCl,]+ BusNBr solutions. Bottom: UV/Vis spectra of
solutions of PdCl, (1), PdCl,+ KBr (2), and PdCl,+ KBr+ Bu,NBr (3);
Inset: photograph of PdCl, and PdCl,+ Bu,NBr solutions.

Figure 2. TEM images of vesicles induced by the mixture of PdCl,/
K[AuCL,]/AgNO;, (a) and PdCl,/K[AUCL]/K,[PtCl/AgNO; (b); SEM
images of the vesicles induced by PdCl,/K[AuCl,]/AgNO; (c) and
K,[PtCl,] (d).

mately 100 nm and 400-500 nm, respectively. SEM images
show that vesicles induced by PdCL,/K[AuCl]/AgNO; are
relatively uniform spheres with sizes agreeing with those
observed in the TEM measurements (Figure 2¢). In contrast,
the vesicles formed in a K,[PtClL]/Bu,NBr system exhibited a
large size distribution (20 nm to 2 um), and the formation
process is relatively slow (more than 20 minutes). Some
representative large vesicles (> 1 um) are shown in Figure 2d;




Zuschriften

6118

these vesicles have wrinkly surfaces as a result of shrinkage
upon drying.

Hollow spheres of nanometer to submicrometer diameter
have potential applications in controlled drug release, catal-
ysis, chemical sensors, and cancer hyperthermia,””’ because of
their many attractive characteristics, such as low density,
larger surface areas, lower amount of material required, and
low costs. Also, nanostructured alloys represent an interesting
class of materials that exhibit properties distinct from the
corresponding monometallic nanoparticles.'*!!) For example,
PtRu™¥ and PtRulr"® alloys exhibit enhanced electrocata-
lytic activity for fuel oxidation relative to pure Pt and are
virtually immune to CO poisoning, which is often an
intermediate of such reactions. As the properties are strongly
dependent on the sizes, compositions, and morphologies of
the particles, developing a simple and general approach for
hollow alloy spheres with large surface areas and low density
is essential for many practical purposes. However, compared
with the various morphological controls of semiconductors,
metals, and other inorganic materials, the production of
bimetallic hollow spheres has met with only very limited
success.'>13 Hitherto, no hollow alloy sphere containing more
than two kinds of metals has been reported. A major problem
is how to control quick diffusion of different atoms to form
homogeneous alloys while simultaneously forming hollow
shells.

As Bu,NBr and some metal compounds or the mixture of
these metal compounds can form vesicles with hollow
structures, the vesicle surface should consist of numerous
aggregated Bu,N" cations and metal anions such as [AuX,] ",
[PdX,]*", [PtXs*", and [Ag,X,]"™ (X=CIl or Br). When
these vesicles are reduced by NaBH,, the newly formed metal
nucleation sites with high reactivity are expected to diffuse
quickly to form homogeneous alloys on the vesicle template.
After growth of these nucleation sites, hollow alloy shells
would form. A series of experiments were performed to test
this hypothesis. Herein, we select the quaternary alloy
AuPdPtAg as an example to demonstrate the efficiency of
this novel vesicle-directed alloying strategy.

The hollow alloy spheres were obtained by direct
reduction (with NaBH,) of the turbid solution containing
PdCl,, K[AuCl,], AgNO; K,[PtCls], and Bu,NBr. The
structure and morphology of the AuPdPtAg sample were
investigated by TEM and SEM. As shown in Figure 3, the
centers of the spheres are brighter than the edges, which
indicates that their interiors are hollow. The hollow spheres
are approximately 500 nm in diameter, which is comparable
with the size of the vesicles before reduction. Owing to the
very thin shells, some spheres were cracked or collapsed after
sonication during purification. Both the selected area electron
diffraction (SAED) pattern (Figure3b) and XRD data
(Figure 4 a) were consistent with a single-phase face-centered
cubic (fcc) structure. The broad peaks in the XRD patterns
indicate the small sizes of nanocrystals. The average particle
size, calculated from the Scherrer equation, is approximately
4.6 nm. A magnified view of the hollow spheres showed that
the shell was composed of many crystallized particles with
sizes of 4-7 nm, which agrees well with the XRD data. The
high-resolution transmission electron microscopy (HRTEM)
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Figure 3. Characterization of hollow AuPdPtAg spheres. a) TEM image;
b) SAED pattern; c) SEM image; Inset: enlarged view of a cracked
sphere showing the thin shell; d) HRTEM image.

Figure 4. a) XRD pattern; b) EDX spectrum; c) Elemental mapping of
hollow AuPdPtAg spheres.

image (Figure 3d) of a small particle shows uniform, well-
resolved interference fringe spacing (ca.0.235nm) and
implies that the four kinds of metal atoms diffused quickly
to form a homogeneous alloy with highly crystalline structure.
The composition was studied by energy-dispersive X-ray
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(EDX) analysis. All of the Au, Pd, Pt, and Ag peaks could be
seen clearly from the spectrum (Figure 4b). Elemental
mapping data for a single sphere (Figure 4¢) also indicated
that the hollow sphere contained all of the four kinds of
metals. The average stoichiometry was Pd,;Au,,PtAg,
according to the EDX data. The X-ray photoelectron
spectroscopy (XPS) binding energies (see the Supporting
Information) were 335.7/341.95, 83.9/87.65, 71.75/75.1, and
368.0/373.95 eV for Pd 3ds;5,, Au 41f;,5,, Pt 415,5,, and Ag
3dsp3, TESpectively, with some shifts relative to the data for
the pure metals."¥ These shifts are often observed upon alloy
formation®***! and proposed to be due to some interatomic
charge donation between different elements, together with
some intraatomic charge distribution.’ As a result, the XRD,
SAED, HRTEM, XPS, EDX data coupled with elemental
mapping confirmed the formation of hollow spheres of
AuPdPtAg alloy.

Some control experiments were implemented to verify
this vesicle-directed co-alloying strategy further. It is known
that micelles and vesicles formed in water can be destroyed by
organic solvents such as alcohols. The result of an experiment
in ethanol instead of water (other conditions keep constant)
revealed that no hollow sphere formed (see the Supporting
Information). Sonication of the reactants (in water) for 2 min
before the addition of NaBH, resulted in some shapeless
product, which suggested that the vesicles formed in this
system could also be destroyed by sonication. When the
experiments were carried out in water by replacing Bu,NBr
with Et,NBr, only a very small amount (<5%) of hollow
spheres were produced, and none were produced with
Me NBr, as evidenced by SEM images. This is probably due
to the shorter alkyl chains and low hydrophobicity of Et,NBr
and Me,NBr, which cannot assembly effectively into vesicles.

This vesicle-directed alloying strategy has been success-
fully extended to the synthesis of other bimetallic and
multimetallic hollow spheres, such as PdAu, AuPt, AgPd,

Figure 5. Representative hollow alloy spheres: a) TEM image of
AuPdAg; Inset: SAED pattern. SEM images of: b) AuPdAg; Inset:
enlarged view of a broken hollow sphere; c) CoPtPd; d) AuPdPt;
e) PdAu; f) PdAg.
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AuAg, PdAuPt, PdAuAg, PtPdRu, CoPdPt, and AuAgPdPt.
Figure 5 shows the TEM and SEM images of some represen-
tative examples. Very interestingly, the sizes of the hollow
spheres can be tuned by changing the types of metal in the
alloys. We found that Ag decreases the size of the spheres,
whereas Pt evidently increases the sphere sizes. For example,
under the same synthetic conditions, the sizes of AuPdAg and
AuPdPt are 90-150 nm and 200-550 nm, respectively. These
differences are reasonable, as microstructures of vesicles are
often composition-dependent and can be influenced by the
geometries, concentrations, and charges of the counteranions
or metal ions!®” Although a higher ratio of one metal
precursor always leads to a higher ratio of this metal in the
final alloys, the metal ratios in hollow alloy spheres are not
identical with those in the solution before reduction, probably
because of the lattice mismatch of the different metals.
Although some transition-metal compounds such as
CoCl,, RuCl;, and K,[PtCly] do not induce vesicle formation
in this system, the metals Co, Ru, and Pt alloy efficiently with
Au and Pd in systems containing vesicles induced, for
example, by PdCl, and K[AuCl,] with reduction by NaBH,.
The reason is that, in the presence of excess Bu,NBr, these
metal compounds can form coordination anions ([CoX,]*,
[RuX,]*~, [PtX(]*"; X =Cl or Br) that can also be efficiently
gathered onto the vesicle surface (induced, for example, by
PdCl, and K[AuCl,]) by electrostatic interactions with Bu,N*
ions on the surface. After reduction, these metal species alloy
effectively with others. Hollow alloy spheres of CoPdPt,
RuPtPd, AuPt, and others have been prepared in this way.
In conclusion, metal-compound-induced vesicles of
Bu,NBr were used as efficient directors for the rapid synthesis
of hollow alloy spheres. This alloying strategy at the vesicle
surface is general and has extended to the synthesis of a large
variety of binary, ternary, and quaternary intermetallic
materials with hollow structures. To our knowledge, this is
the first time that different metals have been alloyed on a
vesicle surface and that hollow alloy spheres containing more
than two kinds of metals have been synthesized. This method
could potentially be used for the rapid synthesis of other
important alloy catalysts or semiconductors with hollow
structures as well as changeable sizes and compositions.

Experimental Section

Typical synthetic procedure for hollow alloy spheres: AuPdPtAg: An
aqueous solution of Bu,NBr (30 mL, 0.01m) was added to a mixture of
K[AuCl,] (24mL, 5x107°m in H,0), PdCl, (1.6mL, 0.01m in
acetonitrile), K,PtCl, (1.6mL, 5x107°M in H,0), and AgNO,
(0.8 mL, 5x107%m in H,0). The solution was stirred for 3 min, and
a freshly prepared NaBH, solution (2 mL, 0.1m) was then added
quickly. The mixture was stirred vigorous for 1 min, and the product
was collected by centrifugation and washed with water. For the vesicle
measurements, the solution was used directly for TEM and SEM
analysis before addition of NaBH,. When a drop of solution dries, a
membrane always forms, which make the SEM analysis difficult. To
avoid this problem, a drop of turbid solution was transferred onto a
carbon-coated Cu grid, and excess solution was then absorbed and
dried with filter paper before the SEM analysis. X-ray power
diffraction (XRD) measurements of the samples were performed
on a Rigaku D/max rA X-ray diffractometer with graphite-mono-
chromated Cuy, radiation (1=1.54187 A) at a scanning rate of
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0.06°s™". X-ray photoelectron spectroscopy (XPS) analysis was
performed on VG Escalab 220i-XL spectrometer. TEM, HRTEM,
EDX analysis, SAED, and elemental mapping were performed on
TECNAI F30 high-resolution transmission electron microscope oper-
ated at 300 kV. SEM and field emission scanning electron microscopy
(FE-SEM) were performed on JSM 6360 and PHILIPS XL30 scan-
ning electron microscope, respectively. UV/Vis spectra were collected
on a Philips PU-8620 UV/Vis spectrophotometer.
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