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CONS P EC TU S

N ovel nanotechnologies have allowed great improvements in the syn-
thesis of catalysts with well-controlled size, shape, and surface proper-

ties. Transition metal nanostructures with specific sizes and shapes, for
instance, have shown great promise as catalysts with high selectivities and
relative ease of recycling. Researchers have already demonstrated new
selective catalysis with solution-dispersed or supported-metal nanocata-
lysts, in some cases applied to new types of reactions. Several challenges
remain, however, particularly in improving the structural stability of the
catalytic active phase. Core�shell nanostructures are nanoparticles encap-
sulated and protected by an outer shell that isolates the nanoparticles and
prevents their migration and coalescence during the catalytic reactions. The
synthesis and characterization of effective core�shell catalysts has been at
the center of our research efforts and is the focus of this Account.

Efficient core�shell catalysts require porous shells that allow free access of chemical species from the outside to the surface of
nanocatalysts. For this purpose, we have developed a surface-protected etching process to prepare mesoporous silica and titania
shells with controllable porosity. In certain cases, we can tune catalytic reaction rates by adjusting the porosity of the outer shell.
We also designed and successfully applied a silica-protected calcination method to prepare crystalline shells with high surface
area, using anatase titania as a model system. We achieved a high degree of control over the crystallinity and porosity of the
anatase shells, allowing for the systematic optimization of their photocatalytic activity.

Core�shell nanostructures also provide a great opportunity for controlling the interaction among the different components in
ways that might boost structural stability or catalytic activity. For example, we fabricated a SiO2/Au/N-doped TiO2 core-shell
photocatalyst with a sandwich structure that showed excellent catalytic activity for the oxidation of organic compounds under UV,
visible, and direct sunlight. The enhanced photocatalytic efficiency of this nanostructure resulted from an added interfacial
nonmetal doping, which improved visible light absorption, and from plasmonic metal decoration that enhanced light harvesting
and charge separation.

In addition to our synthetic efforts, we have developed ways to evaluate the accessibility of reactants to the metal cores and to
characterize the catalytic properties of the core�shell samples we have synthesized. We have adapted infrared absorption
spectroscopy and titration experiments using carbon monoxide and other molecules as probes to study adsorption on the surface
of metal cores in metal oxide�shell structures in situ in both gas and liquid phases. In particular, the experiments in solution have
provided insights into the ease of diffusion of molecules of different sizes in and out of the shells in these catalysts.

1. Introduction
Catalysis now plays an essential role in many industrial

applications such as oil refining, pharmaceutical produc-

tion, and automotive emission control, which are of direct

relevance to many aspects of our daily life. Since most

catalysis is carried out by solids and the reaction occurs

only when the reactants are adsorbed onto the catalyst

surface, the total surface area of the solid active phase has a

substantial effect on the reaction rate. In fact, it has been

established that the structure of the surfaces may affect

catalytic activity and selectivity as well.1,2 Long before the

term “nanotechnology” was introduced, great effort had

already been made in the field of catalysis to synthesize

particles with sizes down to the nanometer scale in order to



Vol. 46, No. 8 ’ 2013 ’ 1816–1824 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1817

Core�Shell Nanostructured Catalysts Zhang et al.

enhance their specific surface area and, consequently, their

catalytic activity. However, it has been with the rise of nano-

technology in the 1980s that the new tools have become

available for the engineering of the structural details of

catalysts, including their size, shape, and surface properties,

needed to properly tune their catalytic performance.3�5 It is

now well accepted that fine structural manipulation with

nanoscale precision may give rise to a new-generation of

catalysts with high catalytic performance.6,7 Designed nano-

structures of transition metals with well-defined sizes and

shapes, for instance, have already been recognized as

promising catalysts with enhanced selectivity.8�11

The new synthetic advances available nowadays can

also be used to address another common problem in cata-

lysis, that of the stability of the dispersed active phases. Due

to their high surface energy, nanoparticles tend to rapidly

sinter into larger clusters, especially under the conditions

typically used in catalysis. This sintering process leads to the

reduction of the active surface area, and also to the loss of

the unique properties of the nanostructured catalysts.12 One

dramatic example of the importance of this issue can be

seen with gold catalysts: gold nanoparticles dispersed on

high-surface-area supports have been shown to be quite

active in many low-temperature reactions, including carbon

monoxideandhydrocarbonoxidations,13 but also to lose their

activity over timeas they sinter into larger particles. Itwouldbe

desirable to use new approaches to prevent such sintering, by,

for instance, partially encapsulating the dispersedmetal nano-

particles with additional mesoporous materials.14,15

An alternative approach for the protection of catalytically

active nanoparticles is to develop them into core�shell

nanostructures.16 There are many possibilities to tailor the

structure of the core and shell components. Here, we point

out the four major approaches that one can use when

engineering the structures of the core�shell nanocatalysts,

as indicated in Figure 1: (i) overall architectural engineering

to yield core�shell nanomaterials with different shapes,

including spherical and concentric core�shell nanoparticles,

yolk�shell nanoparticles with a movable core, and aniso-

tropic nanostructures;17,18 (ii) structural engineering of the

shell materials to produce single-shell, multishell, or porous-

shell structures;14 (iii) manipulation of the composition

and structure of the core materials to prepare single-core

or multicore structures, or even a multicomponent core

structures;19 and (iv) engineering of the interaction between

multiple components in the core�shell composite structures

to induce synergies that might boost catalytic activity, selec-

tivity, and structural stability.20

In thisAccount,we summarizeour efforts toward thedesign

and fabrication of various core�shell nanomaterials to pro-

duce catalysts with enhanced stability as well as improved

activity and selectivity. First, we briefly discuss the growth of

protective shells around the catalytically active nanoparticles

to prevent them from sintering. To allow easy access of the

reactants to the surface of the catalysts, a focus was placed on

the creationofmesoscale porosity in the shellmaterials, a goal

that was achieved by developing a “surface-protected etching”

process. Second, we introduce a “silica-protected calcination”

method for preparing crystalline shells with porous structures.

This approach was used to prepare anatase titania shells, as

required for photocatalytic applications. We then address the

issue of the characterization of the accessibility of the shells

and catalytic performance of these nanostructures. Finally, we

discuss theunique featuresaffordedbycore�shell structures in

the creation of synergetic interactions between the different

components, which may lead to significantly enhanced cata-

lytic efficiency.

2. Shell Stabilization of Nanostructured
Catalysts
Metal nanoparticles dispersed on porous oxides, as seen in

most heterogeneous catalysts, tend to sinter and lose their

FIGURE 1. Schematic illustration of the four general components that
can be engineered when preparing nanocatalysts with structures
beyond simple core�shell configuration: the overall architecture, to obtain
concentric yolk�shell structures or anisotropic structures; the core, to
preparemulticore structuresandmulticomponent core structures; the shell,
to get multishell structures and mesoporous shell structures; and the
interface, to utilize the core�shell interaction to produce materials with
enhanced catalytic activity, selectivity, and stability.
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activity under reaction conditions. This is illustrated by the

transmission electron microscopy (TEM) images provided in

Figure 2b and c, which correspond to amodel catalyst made

out of platinum nanoparticles of 2�3 nm dispersed on the

surface of ∼100-nm-diameter silica beads.21,22 When that

sample was calcined at 1075 K, the Pt nanoparticles were

seen to sinter into a few large crystalline particles∼10�20 nm

in size (Figure 2c). In order to prevent this process, a thin layer

of silica was deposited on the original silica-bead/Pt catalyst

to form a core�shell structure (Figure 2d). As shown in the

images in Figure 2e and f, this treatment completely sup-

presses sintering of the metal nanoparticles.

3. Addition of Porosity via Surface-Protected
Etching
One problem with the use of additional materials to encap-

sulate the metal phase in catalysts is that it may reduce the

accessibility of the reactants to the active phase. Therefore,

assuring that the shells display adequate porosity is indis-

pensible when designing active core�shell structured nano-

catalysts. Several procedures, including layer-by-layer de-

position techniques and sacrificial templating approaches,

have been reported tomake yolk�shell type nanostructures

that can stabilize metal nanoparticles even under harsh

reaction conditions.15,23 It is however still a great challenge to

systematically control the porosity of the shells in such multi-

step procedures.Wehave recently introduced the newconcept

of “surface-protected etching” by which we have been able to

explore the potential of producing core�shell nanostructured

catalysts with porous shells and enhanced stability.14,24�26

A typical surface-protected etching process involves pre-

coating of the solid oxide shells with a protecting layer of

polymeric ligands followed by preferential etching of the

inner part of the shell material using an appropriate etching

agent. The protection by the polymer allows the oxide shells

to retain their original size, whereas the selective etching of

the interior produces the porous structure. This procedure

was in fact used to activate the mesoporous-silica/Pt/silica-

bead catalyst discussed in the previous section, by using PVP

as the protecting agent to take advantage of the fact that its

carbonyl groups form strong hydrogen bonds with the

hydroxyls on the silica surface.14,21,22 The polymer chain,

which containsmultiple binding sites, can cross-link the SiO2

subunits and dramatically increases their stability against

the etching by NaOH. The unprotected silica is then gradu-

ally removed, leaving behind the porous SiO2 framework.

Our surface-protected etching process is quite general and

can be applied to many systems, such as TiO2.
27 Figure 3

illustrates how the catalytic activity, in this case for the

hydrogenation of cis-2-butene, was regained upon con-

trolled surface-protected etching of the protective silica layer

deposited on top of the dispersed platinum nanoparticles in

our encapsulated samples: the initial rates of reaction,

indicated by the slope of the traces at time zero, are sig-

nificantly higher with the etched samples (by a factor of

FIGURE 2. Illustration of the use of mesoporous silica layers for pro-
tection against sintering of dispersed metal nanoparticles.21 As shown
schematically in panel (a), the original small Pt nanoparticles supported
on SiO2 beads (panel (b)) coalesce into a few larger structures (panel (c))
upon calcination at 1075 K. The corresponding TEM images from a
catalyst coatedwith amesoporous SiO2 shell, shown in panels (e) and (f),
prove the enhanced stability afforded by such treatment (panel (d)).
Adapted with permission from ref 21.

FIGURE 3. Illustration of the use of our surface-protected etching
procedure to regain the activity of encapsulated catalysts. The kinetics
of hydrogenation of cis-2-butene, in the form of the accumulation of the
butane product in the batch reactor as a function of reaction time, is
reported for three catalysts, namely, for 10-nm-mesoporous-silica/1-wt
%-Pt/silica-bead catalysts as prepared (bottom TEM, blue) and after
40 (center TEM, green) and 60 (top TEM, red) min of etching.14 Pt
re-exposure and full catalytic activity are regained upon the 60 min
etching treatment. Adapted with permission from ref 14.
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almost an order of magnitude).14 An important point illu-

strated in this example is the fact that the etching time needs

to be fine-tuned to re-expose the catalytically active surfaces

yet not remove too much of the support material, which

would eliminate the metal nanoparticles themselves.

One limitation with the surface-protected etching strat-

egy described here is that the overall metal content of these

catalysts is typically quite low. To achieve higher catalyst

loading, an alternative version of our synthetic strategy was

developed to includemultiple catalyst nanoparticles around

each single inert core particle. In this case, a chemical linker

needs to first be introduced in order to immobilize the metal

nanoparticles to the surface of core particles. In one exam-

ple, 3-aminopropyltriethoxysilane (APTES) was grafted to

the surface of plain SiO2 colloids, enabling controlled ad-

sorption of a monolayer of metal nanoparticles such as Pt

and Au thanks to the electrostatic interactions and coordi-

nating bonds between the metal surface and the coupling

agents.18 The metal nanoparticle layer was subsequently

coated with another layer of SiO2 of desired thickness to fix

them onto the surface of the initial support, and the surface-

protected etching scheme was finally applied to transform

the outer shell into a mesoporous structure, exposing the

catalyst particles to the outside chemical species.

4. Increased Shell Crystallinity by Surface-
Protected Calcination
The sol�gel method, as used in the examples provided

above, has proven to be an effective way to deposit inor-

ganic oxide layers onto solid cores, to prepare various

core�shell nanostructures. However, sol�gel deposition

usually produces amorphous materials,28 and for many

catalytic applications, such as in photocatalyzed redox reac-

tions by titania, the crystalline phases display significantly

higher catalytic efficiency. Calcination at high temperatures

is therefore sometimes required to convert the amorphous

materials to their crystallized counterparts. Unfortunately,

the porosity of the original amorphous shell is significantly

diminished during calcination post-treatments, and the

structural integrity of the shells may be compromised as

well. We have recently developed a “surface-protected

calcination” process to avoid these problems and produce

mesoporous anatase titania shells with considerably large

surface area and high crystallinity.29,30 Our approach con-

sists of the growth of another SiO2 layer on top of the given

titania nanostructure of interest using a sol�gel process,

calcination of that structure at high temperature to induce a

phase transformation from amorphous TiO2 to anatase

nanocrystals, and removal of both sacrificial silica layers

by chemical etching to produce the final TiO2 mesoporous

anatase shells (Figure 4). If hollow titania shells are to be

made, an amorphous titania shell is first grown on silica

beads by a robust sol�gel method recently developed by

our group.31,32

It was found that the coating of an additional silica layer

onto the titania shells prevents the collapse of the shell

porosity because of the impregnation of the amorphous

network of the sol�gel derived titania with silicate species.

Upon calcination, the silicate species limits grain growth

within the titania, and leads to the formation of intercon-

nected anatase nanocrystals.33 Subsequent removal of the

silica by selective chemical etching createsmesopores in the

anatase shells. In a recent study, it was also determined that

the amount of silica impregnation can be used to control the

growth of the crystal grains.34 Specifically, it was found that

full impregnation with silicate species produces shells with

small (<5 nm) anatase grains, small pores (average diameter

∼2.6 nm), and high surface areas (up to 311 m2 g�1) while

still preserving the original hollow morphology (Figure 4b

and c). Furthermore, the existence of a silica layer also

FIGURE4. (a) Schematic illustration of the surface-protected calcination
procedure developed for the fabrication of mesoporous anatase TiO2

hollow spheres; (b) corresponding TEM images of the final hollow
products. (c) Nitrogen adsorption isotherm recorded for the final
mesoporous anatase shells, showing a considerably higher surface area
compared to that for anatase shells produced without silica protected
calcination (several m2 g�1 in average). Adapted with permission from
ref 29.
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ensures a hydrophilic surface and, therefore, excellent water

dispersibility. The mesoporous crystalline anatase shells

made this way were shown to display significantly en-

hanced photocatalytic activity for the degradation of Rho-

damine B (RhB) under UV irradiation.29

5. Evaluation of Diffusion through the
Mesoporous Shells
Since adsorption of reactants on the surface of the active

phase of the catalyst is necessary for reactions to take place,

engineering the porosity of shell materials makes it pos-

sible to control the diffusion of reactant species and, conse-

quently, the reaction kinetics. An understanding of the

parameters that affect the diffusion of molecules through

the shells of these structures may give rise to the design and

synthesis of new catalysts with improved selectivities.35

However, direct characterization of diffusion processes in

these systems is difficult, and only a few examples have

been reported of such studies to date, mostly in gas

phase36,37 but also in liquids.38

We have been exploring methods for the direct assess-

ment of the diffusion of small molecules through the porous

shells in core�shell nanostructures, mainly by in situ infra-

red (IR) absorption spectroscopy. The adsorption of carbon

monoxide on the surface of metal nanoparticles in the

core�shell samples is used here as the main way to probe

surface accessibility, but adsorption of other more complex

molecules, including NO and acetylene as well as cinchoni-

dine and porphyrins, has been characterized as well.38,39 In

one case, the uptake of gas-phase CO onto the gold surface

in Au@Void@TiO2 catalysts was identified, with specific

adsorption on the surface of the metal surviving until

temperatures of approximately 280 K.37 In fact, the room-

temperature rate of the oxidation of CO with O2 promoted

by the Au@Void@TiO2 samples was determined to be

comparable, normalized to the surface area of the gold

phase, to that measured with a standard Au/TiO2�P25

catalyst, suggesting that mass transport does not play a

limiting role in this case.37 A similar CO IR titration approach

was used to evaluate the accessibility of gas-phase species

to the platinum surfaces in the encapsulated catalysts dis-

cussed in sections 2 and 3.21 In all those examples, the rates

of adsorption and reaction were deemed to be faster than

the time resolution of the experiments, which amounts to

approximately a couple of minutes.

Study of diffusion and adsorption in situ in liquid phase is

more challenging.40 We have recently developed an in situ

IR absorption spectroscopy setup for this purpose, in trans-

mission mode, where a cell previously designed for single

reflection�absorption studies of flat surfaces41 was modi-

fied so the back polished surface,madeout of copper, acts as

a mirror, and where the nanostructures to be studied are

suspended in solution and trapped between that mirror and

the front prism used as the optical element.5,38 Figure 5

displays results from CO adsorption studies from a CCl4
solution onto the surface of Pt nanoparticles in two core�
shell structures, a Pt@Void@TiO2 rattle-type nanoarchitecture

(left), and a more conventional Pt@SiO2 core�shell structure

(right). In both cases, CO adsorption proved to be facile and

extensive. Additionally, adsorption on the Pt cores was also

FIGURE 5. In situ transmission infrared absorption spectra in the CO stretching region for yolk�shell and core�shell catalysts in carbon tetrachloride
solutions after exposure to CO.38 Left (from top to bottom): (a) 1mg of supported 1wt% Pt/TiO2�P25 catalyst; (b) 8mg of Pt@void@TiO2 yolk@shell
catalyst; (c) 3 mg of void@TiO2 hollow shells; and (d) 3 mg of SiO2@TiO2 core@shell nanostructures. Right: (e) 1 mg of supported 1 wt % Pt/SiO2

catalyst (upper); and (f) 3mg of Pt@SiO2 core@shell catalyst (lower). TEM images of the key core�shell structures are provided in the center section of
the figure. Adapted with permission from ref 38.
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shown to be feasible in other solvents such as ethanol.

Because of additionalmass transport limitations of the liquid

in and out of the thin film area probed by the infrared

absorption instrument, it has not been possible to measure

diffusion rates for the adsorbates through the shells of the

core�shell nanostructures in these studies, but full adsorp-

tion does occur within the ∼10 min time required for the

dissolved gases to reach the liquid surrounding the solid

samples (as estimated by appropriate blank experiments).

Since the core�shell structures have relatively big pores,

large molecules such as cinchonidine can also penetrate

those shells and adsorb on the metal surface. In fact, all of

our studies so far have shown that the diffusion of small

molecules through titania and silica shells in both gas and

liquid phases is a general phenomenon.

6. Control of Reaction Rates by Varying Shell
Porosity
Future progress on our ongoing project to control shell

porosity is required to prepare core�shell catalystswith high

size-selectivity based on the blocking of the diffusion of

either the reactants or the products for cases such as those

discussed above.When larger molecules are involved, how-

ever, this is already possible. An example can be seen in our

study using Au-encapsulated catalysts for the catalyzed

reduction of 4-nitrophenol (4-NP) by NaBH4.
24 The non-

etched SiO2 shells were proven to be impenetrable by

4-NP, as no measurable catalytic activity was detected

(Figure 6). However, by using our surface-protected etching

process, the size of the pores in the silica shell could be

increased systematically (from ∼1.5 nm after 10 min of

etching to a wide distribution of pores with diameters well

in excess of ∼15 nm after 180 min of etching), to allow for

the 4-NP molecules to access the center of the nanostruc-

tures and increase the catalytic performance. Indeed, as

shown in Figure 6, the catalytic activity was observed to

increase consistently in these nanocatalyst systems with

increased etching time. Importantly, BET measurements indi-

cated comparable surface areas for all samples etched more

than 10 min (between approximately 220 and 270 m�2 g�1).

7. Core�Shell Interface Engineering
Besides enhanced stability, another major advantage that

makes core�shell structured catalysts superior to single-

component catalysts is the possible synergies derived from

interactions between the core and shell materials. We have

recently reported the preparation of a highly efficient, stable,

and cost-effective TiO2-based photocatalyst by engineering

the nature of the interfaces formed between the different

components through a combination of simple sol�gel and

calcination processes. The catalyst has a sandwich structure

consisting of a SiO2 core, a layer of gold nanoparticles (AuNPs),

and a nitrogen-doped-TiO2 nanocrystalline shell. The design

of such a structurewas basedonanumber of considerations.

First, compared to traditional Au/TiO2 composites in which

AuNPs are loosely attached to the surface of the TiO2 and

unstable during calcination and subsequent photocatalysis,

the sandwich structures with AuNPs embedded inside the

TiO2 matrix protects the former from moving together

and coagulating.14,18,21 Second, the encapsulation also in-

creases the contact area between the AuNPs and the TiO2

matrix and, therefore, allows for more efficient electron

transfer. Third, nitrogen doping was incorporated to modify

the electronic properties of the titania and to improve its

photochemical behavior. By precontacting the Au with the

TiO2 surface, a significant increase in N loading could be

achieved, by stabilizing the doped N inside the oxide, and

the doped N could in turn enhance the adhesion of the

AuNPs on the surface of the oxide through an electron

transfer process.42

As illustrated in Figure 7a, these samples were prepared

by following a procedure analogous to that described in

section 3: the AuNPs were adsorbed onto the APTES-

modified silica surface,18 and the resulting Au/SiO2 composite

colloidswere then coatedwith a layer of amorphous TiO2 by

hydrolyzing tetrabutyl orthotitanate (TBOT) in an ethanol

solution in the presence of hydroxypropyl cellulose (HPC).31

Calcination of the core�shell composites produced a blue

FIGURE 6. Conversion of 4-NP promoted by Au@SiO2 catalysts which
were prepared by etching for different period of time: 0 min (black
square); 90 min (red circle); 150 min (blue down-pointing triangle); and
180 min (pink left-pointing triangle).24 The corresponding TEM images
show different porosities of the as-prepared product. All scale bars are
100 nm. Adapted with permission from ref 24. Copyright 2008 Amer-
ican Chemical Society.
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powder of uniform spheres, as shown in the scanning elec-

tronmicroscopy (SEM) image in Figure 7b. Energy dispersive

X-ray (EDX) elemental mapping of a single sphere (Figure 7c)

clearly confirms the expected sandwich structure, and ob-

servation under TEM at higher magnification reveals that

the outer TiO2 shell is composed of small nanoparticle grains

with ∼8�15 nm diameter, which are optimal for anatase

photocatalysts.31,43

A systematic study was carried out to assess the effect of

gold loading in these sandwich-structured samples on their

photocatalytic performance, in this study the photodegrada-

tion of organic compounds under natural sunshine.20 Inter-

estingly, the visible-light activity of the samples was seen to

peak at 0.1wt% loading of AuNPs (Figure 8a). In fact, as seen

in Figure 8b, our samples outperform more standard cata-

lysts: sunlight can completely decompose RhB molecules

within 40 min of exposure with the aid of our sandwich-

structured photocatalysts, whereas the conversion only

reaches ∼38% with a commercial TiO2�P25 photocatalyst

for the same reaction time, and ∼27% with a commercial

anatase powder.

8. Conclusion and Outlook
In this Account, we have discussed the design and fabrica-

tion of core�shell nanostructured materials and their po-

tential application in catalysis. Encapsulating nanoscale

catalysts into oxide shells significantly enhances their ther-

mal stability during reactions. We have mainly focused on

the engineering of shell structures to create mesoscale

porosity in the shells, to allow the diffusion of reactant

species to the surface of the core, typically the catalytically

active phase, where they can adsorb and react. To this end,

we have developed a “surface-protected etching” process

and successfully applied it to the fabrication of several

nanostructured catalyst systems, including yolk-shell and

core�satellite nanocatalysts, in which metal nanocatalysts

are stabilized by porous shells. It was proven that the

porosity of the resulting silica and titania shells, which can

be use to control the reaction rates of catalytic processes

using these nanocatalysts, can be well controlled during the

etching process. In terms of the crystallinity of the mesopor-

ous shells in these core�shell nanostructures, we have

advanced a “surface-protected calcination” method to pre-

pare anatase titania shells in which the added silica species

can prevent the overgrowth of titania grain and help main-

tain its porous structure and structural integrity. We have

also demonstrated the ability to exert a high degree of

control over the porosity and crystallinity of titania shells,

which, when optimized, can significantly enhance their

photocatalytic activity. An additional important feature of

the core�shell nanostructures discussed here is the oppor-

tunity of using synergies between the different components

of core�shell structures to boost structural stability and

catalytic activity/selectivity. This has been demonstrated

by a highly active and stable photocatalyst featuring multi-

layer core�shell structures.

One of the remaining challenges in this field is the control

over the uniformity of the mesopores created in the shells.

The etching-basedmethod described above is simple to use,

convenient in altering the pore size, and general for many

oxide materials. However, the resulting pores can display

wide distributions of sizes and shapes, making size-selective

FIGURE 7. (a) Schematic illustration of the fabrication process of sand-
wich-structured SiO2@Au@TiO2 photocatalyst. (b) Typical SEM image of
the composite photocatalyst. (c) Elemental mapping of a single particle,
with the distribution of individual elements shown in the bottom row.
Adapted with permission from ref 20.

FIGURE 8. (a) Influence of AuNPs loading on the catalytic activity of
SiO2@Au@TiO2 sandwich structures, estimated by using the decom-
position of RhB under visible light irradiation as the model reaction.
(b) Photodegradation of RhB without catalyst and with anatase TiO2,
TiO2�P25, and SiO2@Au@TiO2 as the photocatalysts under direct
sunlight illumination.20 All conversions are referred to the same total
weight of TiO2 catalyst. Adapted with permission from ref 20.
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catalysis difficult. It has been reported that highly uniform

pores can be produced in oxide materials by using self-

assembled surfactants as templates, but that approach lacks

the flexibility to systematically tune the pore size. It would be

interesting to see this process being adapted to create

core�shell catalyst structures with uniform and size-tunable

pores in the shells. The combinationof surfactant templating

and etching strategies might provide more opportunities for

this endeavor.

Future research should also be extended to improve the

stability of shape-controlled nanocatalysts. There are many

reported examples of dramatically enhanced catalytic activ-

ity and selectivity by using shape-controlled nanoparticles

whose surfaces contain higher ratios of active crystalline

facets than spherical particles.3,9,10 Although it is believed

that coating such nanoparticleswith a porous shellmay help

their shape stability,44 this strategy needs to be tested further.

In terms of the characterization of the chemical behavior

of these nanostructures in catalysis, new approaches are

needed to directly evaluate the rate of diffusion and mass

transport of chemicals in and out of the shells, and to

separate those effects from the overall performance of the

catalysts (or in other uses). This challenge is particularly

critical when dealing with in situ studies in solutions, since

it is in the liquid phase that most of the high-value selective

catalysis that could benefit from the development of com-

plex nanostructured catalysts takes place.40

The design and creation of composite core�shell struc-

tures with multiple components and well-controlled inter-

actions is likely to bring new benefits to many catalytic

reactions. Our primary interest currently is the design and

characterization of efficient composite catalyst for photo-

catalysis, which requires multiple elements to fulfill various

functions, including light absorption, electron and hole

separation and transport, and redox reactions.More rational

designs of composite structures with appropriate compo-

nents, spatial arrangements, and interface engineering

should help produce highly efficient photocatalysts for solar

water splitting, which has been deemed the Holy Grail in the

field of renewable energy. Other complex nanostructures

withwell-defined structured surfacesmayalsobe developed

to control selectivity in other catalytic syntheses. It should be

mentioned that, at present, it may be thought that the

preparation cost of these nanostructures may limit their

ultimate applications in industrial applications. However,

as with many other new technologies, production costs

can be significantly reduced if the synthesis can be scaled

up to fulfill increased demand. It should also be indicated

that, in many cases, in the making of fine and specialty

chemicals in particular, where the added value of the pro-

duct is quite large, catalyst manufacturing may represent

only a minor fraction of the total cost of production. These

are areas where our new nanostructured catalyst may have

a particularly large impact.
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