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CONSPECTUS: In order to understand heterogeneous
catalytic reactions, model catalysts such as a single crystalline
surface have been widely studied for many decades. However,
catalytic systems that actually advance the reactions are three-
dimensional and commonly have multiple components
including active metal nanoparticles and metal oxide supports.
On the other hand, as nanochemistry has rapidly been
developed and been applied to various fields, many researchers
have begun to discuss the impact of nanochemistry on
heterogeneous catalysis. Metal hybrid nanoparticles bearing
multiple components are structurally very close to the actual
catalysts, and their uniform and controllable morphology is
suitable for investigating the relationship between the structure and the catalytic properties in detail.
In this Account, we introduce four typical structures of metal hybrid nanoparticles that can be used to conduct catalytic organic
and photochemical reactions. Metal@silica (or metal oxide) yolk−shell nanoparticles, in which metal cores exist in internal voids
surrounded by thin silica (or metal oxide) shells, exhibited extremely high thermal and chemical stability due to the geometrical
protection of the silica layers against the metal cores. The morphology of the metal cores and the pore density of the hollow
shells were precisely adjusted to optimize the reaction activity and diffusion rates of the reactants. Metal@metal oxide core−shell
nanoparticles and inverted structures, where the cores supported the shells serving an active surface, exhibited high activity with
no diffusion barriers for the reactants and products. These nanostructures were used as effective catalysts for various organic and
gas-phase reactions, including hydrogen transfer, Suzuki coupling, and steam methane reforming.
In contrast to the yolk− and core−shell structures, an asymmetric arrangement of distinct domains generated acentric dumbbells
and tipped rods. A large domain of each component added multiple functions, such as magnetism and light absorption, to the
catalytic properties. In particular, metal−semiconductor hybrid nanostructures could behave as effective visible photocatalysts for
hydrogen evolution and CO oxidation reactions. Resulting from the large surface area and high local concentration of the
reactants, a double-shell hollow structure showed reaction activities higher than those of filled nanoparticles. The introduction of
plasmonic Au probes into the Pt−CdS double-shell hollow particles facilitated the monitoring of photocatalytic hydrogen
generation that occurred on an individual particle surface by single particle measurements.
Further development of catalysis research using well-defined metal hybrid nanocatalysts with various in situ spectroscopic tools
provides a means of maximizing catalytic performances until they are comparable to or better than those of homogeneous
catalysts, and this would have possibly useful implications for industrial applications.

1. INTRODUCTION

Metal nanoparticles have been used as catalysts for various
organic reactions over the past decade.1−3 Although some
debate as to whether active species are heterogeneous or
organometallic complexes remains unresolved, numerous metal
nanoparticles can reportedly serve as an effective surface on
which the actual reaction occurs. Metal nanoparticles have the
advantages of easy and complete separation from the reaction
mixture, excellent recyclability, and high activity comparable to
that of homogeneous counterparts.4

In addition to active metal nanoparticles, most industrially
valuable catalysts consist of additional components such as
metal oxide supports. To investigate the reaction process and

its mechanisms within these types of multicomponent systems,5

the catalyst structure should be precisely defined and highly
resolved,6 with the model reactions carried out under well-
controlled conditions.7,8 In this regard, metal hybrid nano-
particles are perfectly matched to these conditions given their
structural dimensions and good uniformity. Moreover, recent
developments in nanoparticle synthesis have provided a large
pool of hybrid nanostructures with multiple components,
offering a wide structural selection of suitable components.9
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The structural arrangement between distinct components is
as important as the components themselves. What would be the
best morphology of catalysts for any specific reaction? In a
single component system, a type of morphology with high
index surface facets tends to increase the reaction activity per
area but decrease its thermodynamic stability.10 A multi-
component system is more sophisticated in terms of this aspect;
therefore, a careful design of the catalyst structure is required.
Actual metal catalysts are three-dimensional materials, and
there are several well-defined structural models that may be
ideal for catalysis purposes.6

In this Account, we classified major representative structures
of metal hybrid nanoparticles by their shape and morphology
(Figure 1) and demonstrated their catalytic performances. The

symmetric deposition of silica (or metal oxide) onto metal
particles yields common core−shell nanoparticles, and
subsequent chemical treatment leads to the formation of a
yolk−shell structure. The inverted core−shell structures are
also important for catalysis, such as core−particle and core−
branch nanoparticles, in which the active components are
exposed outward. The asymmetric deposition of an additional
component onto the metal particles generates a dumbbell-like
structure, and selective metal deposition onto nanorods
provides a tipped-rod morphology. Instead of active metal
cores, a double-shell hollow structure can also behave as an
effective catalyst due to its high surface area and the pores on its
walls. Each of these morphologies has pros and cons as a
heterogeneous reaction catalyst, but in some particular cases,
strongly enhanced reaction properties are realized, such as good
activity, selectivity, or recyclability. Given these well-defined
structures, a reaction with a metal hybrid nanocatalyst can
provide essential information with which to explore the
correlation between the structure and the catalytic properties.

2. METAL@SILICA OR METAL OXIDE YOLK−SHELL
NANOPARTICLES

Metal@silica yolk−shell nanoparticles (or nanorattles) com-
prise metal cores and silica hollow shells.11 The major synthetic
scheme is the concentric polymerization of silica on the surface
of metal nanoparticles, followed by the partial dissolution of
metal cores.12 The individual metal cores are completely
surrounded by silica shells but are not in direct contact with the
silica. As a result, the entire metal surface can be exposed to the
reaction mixture, which is a major difference with regard to

core−shell nanoparticles. Since Mulvaney et al. initially
reported,12 many researchers have developed new synthetic
methods to construct core and shell structures with internal
void space13 and used them as a drug delivery vehicle, Raman
scattering substrate, and anode materials in Li-ion battery.14 In
particular, the yolk−shell structure is regarded as an ideal
model of a heterogeneous catalyst system. The metal@silica
yolk−shell particles conceptually mimic the general structure of
a bifunctional heterogeneous catalyst, which contains active
metal nanoparticles and a silica support with a high surface
area.15 During the reaction, the reactants diffuse inside through
the pores of the shells, with the reaction occurring on the metal
core surface exposed to the void. The resulting products diffuse
out through the pores. All of the reactions occur inside the silica
shells; therefore, this yolk−shell structure behaves as a
miniaturized version of a bulk reactor and is thus referred to
as a “nanoreactor”.16

The strong point of this yolk−shell nanostructure as a
heterogeneous catalyst is its controllability. The size and surface
structure of the metal cores, the thickness and pore density of
the hollow shells, and the volume of the inner voids are readily
adjustable under the appropriate synthesis conditions. The
metal core size can be reduced by repeating the etching process
on the original core−shell nanoparticles. For instance, the
repeated dissolution of the Au cores in Au@SiO2 yolk−shell
nanoparticles by KCN diminished the average core diameter
from 120 nm for the core−shell to 104, 67, and 43 nm for the
yolk−shell structures (Figure 2).17 The resulting rate constant

Figure 1. Metal hybrid nanoparticles as heterogeneous catalysts.

Figure 2. (a) Synthesis of metal and metal oxide@SiO2 yolk−shell
nanoparticles. (b) TEM images of individual Au@SiO2 yolk−shell
nanoparticles with different core sizes. (c) Plot of ln(Ct/C0) versus
time for each nanocatalyst, where Ct and C0 denote the p-nitrophenol
concentrations at time t and 0. Adapted with permission from ref 17.
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for the reduction of p-nitrophenol by NaBH4 decreased from
1.4 × 10−2 to 3.9 × 10−3 s−1,18 but the turnover frequency
(TOF) on the surface atoms increased significantly from 6.6 to
36 s−1, as the Au core size was reduced (Figure 2c). These
trends are consistent with the fact that small Au cores have a
large surface area with highly active sites.
To optimize the reactivity, the particle size should be reduced

to a range of a few nanometers to maximize the active area on
the surface. To this end, a microemulsion method in organic
media is suitable for silica coating of tiny metal nanoparticles,
whereas the Stöber method in alcohol is only effective for
particles more than 10 nm in size (Figure 3). With silica coating

via a microemulsion method and the partial etching of the
metal cores, the resulting Ni@SiO2 yolk−shell nanoparticles
had the total average diameter of 17 nm with an average core
size of 2.9 nm.19 Pd@SiO2 yolk−shell nanoparticles with tiny
Pd cores were also synthesized using this method (Figure 3c).20

The pore density of the shells directly affects the diffusion
rates of the reactants approaching active sites and eventually the
activity of diffusion-controlled reactions. During the silica
coating process of Au@SiO2 yolk−shell nanoparticles, a
different amount of the long-alkyl-chain siloxane octadecyl-
trimethoxysilane (C18TMS) was introduced.21 After selective
etching of Au cores and a calcination step, the diffusion
coefficient through the shells increased by 3.6 times from 5.9 ×
10−19 to 2.1 × 10−18 m2 s−1, and the TOF of o-nitroaniline
reduction with NaBH4 increased by 6.9 times from 5.1 to 35
s−1. In Pd@SiO2 core−shell nanoparticles, the addition of Ni

salts converted the silica surface into branched nickel
phyllosilicate, and with the removal of the silica residue, Pd@
nickel phyllosilicate yolk−shell nanoparticles with highly
porous shells were uniformly obtained.22 This catalyst exhibited
a strong correlation of the total pore volume and the reaction
activity in Suzuki coupling reactions.
With regard to the reaction properties, the yolk−shell

nanoparticles have a remarkable impact on sintering resistance
and recyclability characteristics due to their unique structure.
The metal cores in the metal@SiO2 yolk−shell nanoparticles
are completely isolated from their neighbors by silica layers and
are thus extremely robust against particle sintering, even at a
temperature higher than that of the surface melting point.7 Ni@
SiO2 yolk−shell nanoparticles were employed as an excellent
model catalyst system for steam methane reforming (Figure
4).23 Under the reforming conditions at 973 K, the yolk−shell

catalysts exhibited a constant methane conversion yield of
>90% for 4 h, nearly approaching a theoretically maximum
value, and they were still active after three rounds of recycling
without a loss of their methane conversion. This level of
catalytic performance is comparable to those of state-of-the-art
commercial catalysts (Figure 4c).
Stability is a critical issue, even in solution-phase reactions,

because freestanding catalyst particles are easily agglomerated
when they are used in reactions. Moreover, surface passivation
by surfactants intensively blocks the active sites and lowers the
reactivity. The yolk−shell nanoparticles have clean metal
surfaces without surfactants after a calcination process and
are controversially highly stable against agglomeration due to
their protective silica layers. As a result, the reaction
temperature can be increased without considering the catalyst
stability. The TOF was measured to be 6000 h−1 when using
Ni@SiO2 yolk−shell nanocatalysts for the hydrogen transfer of
acetophenone;19 this value was 1 order of magnitude larger

Figure 3. (a) Synthesis of metal and metal oxide@SiO2 yolk−shell
nanoparticles via a microemulsion method. TEM images of (b) Ni@
SiO2, (c) Pd@SiO2, (d) Co@SiO2, and (e) Pt@SiO2 yolk−shell
nanoparticles. The bars represent (b,c,e) 50 nm, (d) 100 nm, and
(inset) 20 nm. Adapted with permission from refs 19, 20, 24, and 25.

Figure 4. (a, b) TEM images of Ni@SiO2 yolk−shell nanocatalysts.
(c) Methane conversion versus time at 973 K in the presence of Ni@
SiO2 yolk−shell and commercial catalysts. The bars represent (a,b)
100 nm and (inset) 20 nm. Adapted with permission from ref 23.
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than those (100−500 h−1) of heterogeneous Ni catalysts. In the
Suzuki coupling reactions of bromobenzene with phenyl-
boronic acid, Pd@SiO2 yolk−shell nanocatalysts exhibited an
initial TOF of 78000 h−1,20 which was one of the best activity
levels reported for supported Pd nanocatalysts. All reactions
were recycled several times without a significant loss of the
activity, confirming the superior stability of the metal@silica
yolk−shell framework.
The yolk−shell morphology has many features that are

appropriate for catalyst applications; however, several draw-
backs remain. During the synthetic process, the partial etching
of the metal cores is wasteful, particularly for expensive noble
metals such as Au and Pt. To decrease the use of these
materials, several synthetic processes have been developed. The
metal core size was reduced by means of hydrogen reduction of
metal oxides or by the partial etching of metal alloys (Figure
3a). The CoO cores in CoO@SiO2 core−shell nanoparticles
were shrunk to the Co cores, which form Co@SiO2 core−shell
nanoparticles by hydrogen reduction (Figure 3d),24 and a Pt@
SiO2 yolk−shell morphology was generated from the NiPt@
SiO2 core−shell structure by acid treatment without a loss of Pt
(Figure 3e).25 The manipulation of silica shells is even more
effective, including surface-protected etching26 and a soft-
template approach using special types of surfactants.27

To facilitate additional functions on the shells, various metal
oxides, polymers, and carbon can be utilized.28,29 Among metal
oxides, porous TiO2 and ZrO2 shells exhibited surprising
activities in CO oxidation,30 and the TiO2 shell behaved as an
efficient photocatalyst in Au@TiO2 yolk−shell nanoparticles.31

3. METAL−METAL OXIDE CORE−SHELL
NANOPARTICLES AND RELATIVES

Metal@silica and metal oxide core−shell nanoparticles have
been investigated as excellent model catalysts for high
temperature reactions in the gas phase. Pt@SiO2 and Pd@
CeO2 core−shell nanocatalysts exhibited high activity and
thermal stability for ethylene hydrogenation and methane
oxidation, respectively.32,33 In these catalysts, the metal cores
were accessible through the mesopores in the silica or through
gaps between the metal oxide grains. There were no significant
effects observed regarding the reaction rates of small molecules;
however, if the reactants and products are either sterically
hindered or in a liquid phase, inorganic shells behave as
diffusion barriers and eventually lower the reaction activity. In
order to overcome this limitation, one potential design is an
inverted core−shell structure in which the core intensively
anchors the shell structure while the shell serves as an active
catalyst. The inverted structure can be yielded by chemical
transformation of metal cores from the original core−shell
nanoparticles or simply formed by the deposition of metal (or
metal oxide) components on the surface of metal oxide
particles. In this case, the interaction between the distinct
components is potentially strong due to the formation of
metal−oxygen bonds at the interface.
A new core−particle morphology was generated by

sequential chemical reactions from Ni@SiO2 core−shell
nanoparticles (Figure 5a).34 Treatment with a weak base led
to a conversion from core−shell to spherical with needle-like
thin branches of Ni phyllosilicate. After H2 reduction, the
morphology changed to form a SiO2−Ni core−particle
structure. Although the Ni particles were exposed on the
surface, they were extremely stable against particle sintering,
even after treatment at 973 K for 10 h under a hydrogen

environment. These particles catalyzed the hydrogen transfer of
acetophenone with a 1-phenylethanol in 93% yield without
byproducts within 1 h.
Another example with branches having high energy surface

facets was demonstrated in the ZnO−CuO core−branch
morphology (Figure 5b). The reduction of a Cu precursor on
polycrystalline ZnO nanospheres formed a ZnO−Cu2O core−
particle structure. Under controlled oxidation with NaOH, the
Cu2O cubes were transformed into thin CuO branches, yielding
ZnO−CuO core−branch nanoparticles. These particles were
utilized as a heterogeneous catalyst for cycloaddition reactions
of benzyl azide and phenylacetylene to yield 1,4-disubstituted
1,2,3-triazoles. The conversion yield was measured to be 47%
for 3 h, and the yield increased to complete conversion within
10 min upon the application of low-power sonication. During
the reaction, ultrasonic irradiation activated the Cu(II) surfaces,
which were reduced to Cu(I) by the reaction with phenyl-
acetylene via the formation of Cu(II)-acetylide, with the Cu(I)
surface actually carrying out the catalytic cycloaddition cycle.35

The branches of the catalyst sufficiently endured reaction
recycling five times due to the strong interaction between the
CuO branches and the ZnO cores.

4. ACENTRIC DUMBBELLS AND TIPPED RODS
The seed-mediated growth of multiple components commonly
produces highly symmetric morphologies such as a core−shell
structure, but with precise control of the growth kinetics,
asymmetric structures can be obtained. Xu et al. successfully
produced heterodimers bearing two distinct nanospheres at a
liquid−liquid interface,36 and Sun et al. developed general
synthetic methods that could be used to produce noble metal−
metal oxide dumbbell-like particles via a solvothermal process
in an organic phase.37 In the presence of metal seeds, an
adjustment of the surface capping agent concentration changed
the metal−Fe3O4 morphology from a concentric yolk−shell to
acentric core−shell and dumbbell-like structures (Figure 6).38

These dumbbell structures have a major advantage in that they
offer multiple functions arising from two distinct domains. In
metal−magnetic oxide dumbbells, a magnetic property is

Figure 5. (a) Synthesis of the SiO2−Ni core−particle morphology for
catalytic hydrogen transfer reactions. (b) Synthesis of the ZnO−CuO
core−branch morphology for ultrasound-assisted azide−alkyne cyclo-
addition reactions. Adapted with permission from refs 34 and 35.
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coupled with the original metallic features in a single
structure.39 In a catalytic application, catalyst particles could
be simply and clearly separated from the reaction mixture by
applying a magnetic field. Another important aspect of these
dumbbells is the full exposure of the active surface on the
catalyst, which overcomes the low diffusion rates in the yolk−
and core−shell catalysts. Catalyzed by Pd@Fe3O4 dumbbells,
the Suzuki coupling reaction of phenylboronic acid and
iodobenzene produced biphenyl in a quantitative yield at
0.5% Pd loading for 12 h, whereas Pd@Fe3O4 yolk−shell
nanoparticles only reached a 34% yield.38 Enhancement of the
catalytic activity in CO oxidation reactions was also observed in
metal−Fe3O4 dumbbells, due to the strong interaction at the
epitaxial heterojunction interface.37

A tipped rod structure, semiconducting rods decorated with
metal tips, was originally established by Banin et al.,40,41 and
this morphology is expected to be an ideal photocatalyst.42

Single and double Pt-tipped CdSe nanorods were demonstrated
as a model catalyst for the photochemical production of
hydrogen (Figure 7a,b).43 The interface between the two
components was very important to anchor the Pt tips and
construct a good electronic junction on the CdSe surface,
which was evidenced by the complete quenching of
fluorescence signals. Under visible light irradiation, the
hydrogen evolution rate reached a nearly constant value after
an induction period of 30 min. Unexpectedly, the maximum
rate of hydrogen evolution for the single-tipped rods (145 μmol
h−1) was twice as large as that of the double-tipped rods (78
μmol h−1), although the Pt loading in the former case was only
half that of the latter case (Figure 7c). In this catalytic system,
electrons excited by the irradiation of visible light suddenly
quenched into the metal tips and transferred to water
generating hydrogen molecules. Holes in the valence band of
the CdSe nanorods were moved to the surface and consumed
by sacrificial reagents. Apparently, high reactivity of a single-

tipped structure indicates that a unidirectional arrangement of
the metal and semiconductor domains is critical for good
photocatalytic efficiency. The single-tipped CdSe nanorods
have a tip region that is directly open to the sacrificial reagents,
where hole transfer favorably occurs. However, the Pt domains
of the double-tipped structure block the effective hole transfer
through the active tips, leading to the low activity of hydrogen
generation.
The single and double Pt-tipped CdSe nanorods were also

used for photocatalytic CO oxidation.44 The TOF value of the
double-tipped rods under light irradiation was significantly
larger than that in the dark at any temperature. The catalytic
activity increased in a linear fashion as the light intensity (or
photon flux) increased. Importantly, the catalyst when
irradiated with light with a high photon energy (2.0 eV < hν
< 3.0 eV) was twice as active for CO oxidation compared with
when it was irradiated with light with a low photon energy (1.0
eV < hν < 2.0 eV). This experiment proved that hot electrons
generated by photons with energy higher than the bandgap of
the CdSe rods enhanced the CO oxidation reaction on Pt
metals. It was proposed that electron−hole pairs were
generated on the CdSe region and the hot electrons went
over the interface and were irreversibly injected to the Pt
surface. Other metal-tipped semiconducting nanorods, includ-
ing Pt-tipped CdSe nanonets45 and Pt-tipped CdS nanorods,46

were also investigated as catalysts for dye reduction and
hydrogen production reactions.

5. DOUBLE-SHELL HOLLOWS
A hollow or cage structure with an internal cavity and a thin
wall is of interest owing to its sufficiently large surface area and

Figure 6. (a) Synthesis of metal−Fe3O4 hybrid nanoparticles. TEM
images of concentric yolk−shell, acentric core−shell, and dumbbell
morphologies of (b) Pd−Fe3O4 and (c) Au−Fe3O4 nanoparticles. The
bars represent 20 nm. Adapted with permission from ref 38.

Figure 7. TEM images of (a) single- and (b) double-Pt tipped CdSe
nanorods. (c) Time course of H2 evolution by single- and double-
tipped nanorods. The bars represent (a, b) 10 nm and (insets) 5 nm.
Adapted with permission from ref 43.
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good electrical connection over the entire surface. The inner
surface of the hollows is accessible by reagents that diffuse
through the pores and defects of the walls.47 It was reported
that Au nanocages exhibited high activity for p-nitrophenol
reduction by NaBH4 compared with filled nanoparticles, due to
the much higher surface area and ultrathin walls.48 For hybrid
nanostructures, double-wall hollow nanoparticles bearing
distinct inner and outer shells were synthesized by means of
controlled Galvanic replacement. A kinetic analysis using the
plasmon shifts of the Au shells indicated that the reaction took
place within the cavity of the hollow structure with high
activity.49

These features of the double hollow structure enabled the
catalytic system to be investigated at a single particle resolution.
In recent studies, the SPR signals of individual particles could
be resolved up to the single particle level. The use of dark-field
microscopic images and numerical simulations made it possible
to monitor the reactions occurring on the metallic surfa-
ces.50−52 To conduct the single particle SPR measurement,
most important is the introduction of plasmon probes into
heterogeneous catalytic systems. As a model heterogeneous
reaction, the photocatalytic decomposition of lactic acid into
pyruvic acid and hydrogen gas was chosen in the presence of a
platinized cadmium sulfide (Pt/CdS) catalyst. In order to
introduce plasmonic Au probes onto the Pt/CdS catalysts, two
catalyst structures were designed, in which either the Au
domains formed an alloy with Pt sites (AuPt/CdS hollow
cubes; Figure 8a) or the Au cores were inserted into the cavity
and separated from the Pt sites (Au@Pt/CdS cubes; Figure
8b).53 In these model catalysts, photoelectrons, which were
generated by photons coincident with the CdS bandgap,
transferred to the Pt sites and reacted with protons to produce
hydrogen molecules inside the cavity. By means of single
particle dark-field spectroscopy, the SPR peak of the Au probe
in that cavity was monitored as the reaction progressed on
individual catalyst particles. For ten individual AuPt/CdS
hollow cubes, all particles exhibited plasmon band shifts similar
to the lower wavelengths due to the effective hydrogen
evolution that took place. From a simulation of the first-order
kinetics, the reaction rate on the catalyst surface, k, was
analyzed to be 9.5 × 10−6 M−1 min−1, and the average rate of
hydrogen generation in the initial state was 1500 molecules per
minute on a single catalyst particle. The reaction activities of
individual Au@Pt/CdS cubes were close to those of the AuPt/
CdS hollow cubes. Among these individual particles, seven out
of 20 exhibited reverse red shifts of the extinction peaks at
certain reaction times (Figure 8c,d), due to the saturation and
leaking out of hydrogen gas from the inside cavity of the hollow
shells at a certain time. Given this information, the diffusion
coefficients through the hollow walls were calculated to be
(1.2−3.7) × 10−19 m2 s−1. Another notable feature was that all
individual Au@Pt/CdS cubes showed initial delay times of 3−
12 s (Figure 8d), which were converted into the distance
between the Pt sites and the Au cores, with the average being
20.3 nm.
This single particle measurement has strong points when

used as an in situ analysis under actual reaction conditions
without a particular reactant. For advanced reaction monitor-
ing, time-resolved techniques using laser pulses would achieve
molecular level detection,51 and an electrochemical analysis
would additionally explore the charge distribution and mass
change on an individual particle.54

6. CONCLUDING REMARKS
In this Account, we demonstrated well-defined colloidal metal
hybrid nanoparticles as three-dimensional model catalysts for
organic and photochemical reactions. Yolk−shell nanoparticles
showed excellent structural controllability and reaction activity
with remarkable sinter resistance. The limit of diffusion for the
reactants could be overcome by an inverted core−shell

Figure 8. High-angle annular dark-field-scanning electron microscopy
(HAADF-STEM) images of (a) AuPt/CdS hollow cubes and (b) Au@
Pt/CdS cubes. Plasmon band shifts during the reaction progress of
three individual (c) AuPt/CdS hollow cubes and (d) Au@Pt/CdS
cubes. Adapted with permission from ref 53.
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structure, the cores of which anchored the highly active
branches. Asymmetric deposition of additional components
into the original structure generated acentric dumbbells and
tipped rods, which provided multiple functions arising from
each component. The structural directionality of the tipped
rods led to high efficiency of photocatalytic hydrogen
generation. The double-shell hollows showed high activity
compared with filled nanoparticles, enabling the monitoring of
the photocatalytic reactions in situ at the single particle level.
Although these metal hybrid nanoparticles now more closely

resemble real heterogeneous catalytic systems, there remain
numerous challenges to explore. The most significant topic in
the catalysis field is the achievement of extreme regio- and
stereoselectivity for desired reactions.7,55 By mimicking organo-
metallic catalysts with specifically designed ligands, the
heterogeneous catalysts facilitated regioselective reactions
using surface-coordinating ligands.56 However, these catalytic
systems are complicated when attempting to analyze their
mechanisms and intermediate structures; thus, further progress
of the development of these reactions has been restricted. The
combination of a well-defined catalyst morphology and in situ
spectroscopic measurements may provide critical evidence with
regard to these issues.
Another limitation of the current research is the generation

of a charged surface in a heterogeneous system. All metal
nanoparticles utilized in organic reactions thus far have had
neutral metal surfaces (metal(0)), although the most active
organometallic species had formal charges such as Pd(II) and
Pt(IV). Recently, Toste and Somorjai reported a series of
results that the oxidation of metal particle surfaces by PhICl2
yielded a stable charged phase in nonpolar solvents,57 with
organic transformations occurring with high activity and
selectivity as well as good recyclability.58 We have also
generated a highly Lewis-acidic Pd(IV) surface using PhICl2
and N-chlorosuccinimide, showing high reactivity and superior
stability for hydroalkoxylation reactions.59

What else do we expect with regard to such nanostructured
catalysts? Departing from the simple mimicking of homoge-
neous catalytic systems, the uniqueness of heterogeneous
systems must be fully explored. A tandem catalyst design using
nanocrystal layers is an excellent example in this area.
Assembled nanocrystal layers of CeO2 and Pt on a silica
substrate successfully catalyzed two sequential reactions of
methanol decomposition and ethylene hydrogenation.60 This
approach can be extended to various sequential organic
transformation reactions with the use of metal hybrid
nanocatalysts bearing multiple domains with distinct activities.
Lastly, several researchers have serious concerns about the
contribution of such model catalysts to actual industrial
processes. Even if these catalyst designs cannot directly be
applied to industry, related research must at least provide a
better understanding of catalyst behaviors and develop
important concepts with which to enhance the catalytic
properties of real systems. Xia et al. employed the concept of
a porous silica coating to supported Pt catalysts on TiO2,
maximizing their sinter resistance in high temperature
reactions.61 More studies of the relationship between the
structure and catalytic properties using metal hybrid nano-
particles will pave the way to the establishment of ideal
heterogeneous catalyst systems that can yield desired products
with high regio- and stereoselectivity, together with the
advantages of extreme activity, thermal stability, and recycla-
bility.
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