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CONS P EC TU S

T he development of green, sustainable and economical chemical processes is
one of the major challenges in chemistry. Besides the traditional need for

efficient and selective catalytic reactions that will transform raw materials into
valuable chemicals, pharmaceuticals and fuels, green chemistry also strives for
waste reduction, atomic efficiency and high rates of catalyst recovery.

Nanostructured materials are attractive candidates as heterogeneous catalysts
for various organic transformations, especially because theymeet the goals of green
chemistry. Researchers have made significant advances in the synthesis of well-
defined nanostructured materials in recent years. Among these are novel ap-
proaches that have permitted the rational design and synthesis of highly active and
selective nanostructured catalysts by controlling the structure and composition of
the active nanoparticles (NPs) and by manipulating the interaction between the
catalytically active NP species and their support. The ease of isolation and separation of the heterogeneous catalysts from the
desired organic product and the recovery and reuse of these NPs further enhance their attractiveness as green and sustainable
catalysts.

This Account reviews recent advances in the use of nanostructuredmaterials for catalytic organic transformations. We present a
broad overview of nanostructured catalysts used in different types of organic transformations including chemoselective oxidations
and reductions, asymmetric hydrogenations, coupling reactions, C�H activations, oxidative aminations, domino and tandem
reactions, and more. We focus on recent research efforts towards the development of the following nanostructured materials: (i)
nanostructured catalysts with controlled morphologies, (ii) magnetic nanocomposites, (iii) semiconductor�metal nanocomposites,
and (iv) hybrid nanostructured catalysts. Selected examples showcase principles of nanoparticle design such as the enhancement
of reactivity, selectivity and/or recyclability of the nanostructured catalysts via control of the structure, composition of the
catalytically active NPs, and/or nature of the support. These principles will aid researchers in the rational design and engineering of
new types of multifunctional nanocatalysts for the achievement of green and sustainable chemical processes.

Although the past decade has brought many advances, there are still challenges in the area of nanocatalysis that need to
be addressed. These include loss of catalytic activity during operation due to sintering, leaching of soluble species from the
nanocatalysts under harsh reaction conditions, loss of control over well-defined morphologies during the scale-up synthesis of
the nanocomposites, and limited examples of enantioselective nanocatalytic systems. The future of nanocatalyst research lies in
the judicious design and development of nanocomposite catalysts that are stable and resistant to sintering and leaching, and yet
are highly active and enantioselective for the desired catalytic organic transformations, even after multiple runs. The successful
generation of suchmultifunctional nanocatalysts especially in tandem, domino, or cascade reactions would provide a powerful tool
for the establishment of green and sustainable technologies.

Introduction
The catalytic efficiency, selectivity, and recyclability of nano-

catalysts depend on the size, shape, composition, and

assembly of the nanoparticles (NPs), as well as their inter-

action with the support. These fascinating phenomena

enhance the appeal of well-defined nanostructured materi-

als as green and sustainable heterogeneous catalysts in a

wide variety of organic transformations. Nanocatalysts

may be designed as nanocrystals and clusters of metals,

metal oxides, and nonoxides of various sizes and shapes.
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They may involve no support material or be supported on

carbonaceous materials, polymers, metal oxides, or porous

materials (e.g., siliceousmesocellular foam (MCF)). The latest

direction for green and sustainable reactions using nanoca-

talysts is exciting scientifically, andmuch has been achieved

in the past decade in the synthesis as well as the catalytic

applications of nanostructured materials.

In this Account, we aim to present a broad overview of

nanostructured catalysts used in different types of organic

transformations. Selected examples would be used to high-

light the concepts behind the enhancement of the reactivity,

selectivity, and/or recyclability of the nanostructured cata-

lysts through the control of the structure, composition of the

catalytically active NPs, and/or nature of the support. Our

focus would be on recent research efforts (2006 to present;

readers interested in earlier work are directed to selected

reviews1) toward the development of the following nano-

structured materials used in organic catalysis (excluding

electrocatalysis and photocatalysis).

(i) Nanostructured catalysts with controlled morphologies.

Catalysis for this class of nanomaterials is controlled

by the crystallite size and morphology (Scheme 1A).

The catalytic performance can be enhanced by the

presence of a particular crystal facet or the creation of

uncoordinated surface atoms in the nanocrystal. Mod-

ification of a crystal facet with a chiral ligand would in

turn yield active heterogenized catalyst for enantio-

selective reactions.

(ii) Magnetic nanocomposites. Magnetic nanocomposites

either can catalyze the organic transformation on

their own or can serve as an effective support for

the immobilization of active catalysts (Scheme 1B).

The efficient recovery of the catalyst by magnetic

separation would further enhance the recovery and

reuse of these nanocomposites and their attractive-

ness as green catalysts. Modification of the surface of

active NPs with chiral ligands could impart chirality.

(iii) Semiconductor-metal nanocomposites. For these nano-

composite materials, the semiconductor can either

withdraw electrons from or donate electrons to the

metal NPs (Scheme 1C). The resulting positively or

negatively charged metal NPs can then catalyze

different organic transformations. Semiconductor

metal oxide based nanomaterials can also serve as

a support, providing either basic or acidic sites in close

proximity to the active metal NPs. The synergism

between the active metal NPs and the basic or acidic

support would then catalyze organic reactions.

(iv) Hybrid nanostructured catalysts. A variety of hybrid

nanostructured materials has been developed

(Scheme 1D). In some cases, the metal NPs can

become active by being in close contact with an

oxidant (e.g., polyoxometalate), thus catalyzing oxi-

dative coupling reactions. In other cases, the hybrid

nanostructured material may consist of isolated me-

tal atom geometries, yielding individual atoms that

are catalytically active. Bimetallic NPs displaying sy-

nergistic effects and multifunctional nanostructured

catalysts for tandemreactionshavealso been reported.

Nanostructured Catalysts with Controlled
Morphologies
The control over crystal size and morphology to tailor the

catalytic properties has gained increased attention in recent

years.1e,2 Synthesis and reactivity of palladium (Pd) NPs that

are either colloidally stabilized or supported on various

materials have been extensively studied.3

The correlation of activity and selectivity of structure-

sensitive reactions with the shape and size of the nanocrys-

talline catalyst was exploited for rational catalyst design by

Crespo-Quesada et al.4 In this work, uniformPdnanocrystals

with cubic (CUB), octahedral (OCT), and cuboctahedral (COT)

shapes were synthesized and then used for the hydrogena-

tion of 2-methyl-3-butyne-2-ol (eq 1). Two types of active

sites were involved in the catalysis: semihydrogenation

preferentially occurred at the planes, whereas overhydro-

genation took place mainly at the edges. Surface statistics

for nanocrystals with different sizes and shapes showed that

the optimal catalyst in terms of yield of the target product

was cubes with ∼3�5 nm in edge length.

Platinum (Pt) NPs with an average size distribution of

0.8�1 nm but different shapes were studied and found to

display distinct reactivity for the oxidation of propan-2-ol

(eq 2).5 A correlation between the number of uncoordinated

atoms at the NP surface and the onset temperature for

propan-2-ol oxidation was observed, demonstrating that

catalytic properties could be controlled through shape-

selective synthesis. In another example, Honget al. developed

an efficient synthesis of Pt@Fe2O3 nanowires, and demon-

strated the utility of the iron oxide coated platinumnanowires

in the selectiveoxidationofolefinsandalcohols (eqs3and4).6
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Pt@Fe2O3 nanowires exhibited far higher activity than the

Fe2O3 and Pt@Fe2O3 NPs due to the interface between Fe2O3

and Pt nanowires, which served as the active center for

activating oxygen (O2).

Pt, ruthenium (Ru), rhodium (Rh) and iridium (Ir) NPs

are widely used in hydrogenation reactions.7 The structure

sensitivity of enantioselective hydrogenations on chirally

modified metals was investigated using Pt NPs of different

shapes such as cubic, cuboctahedral, and octahedral (eq 5).8

This study revealed for the first time that enantiose-

lective hydrogenation on chirally modified Pt NPs was

SCHEME 1. Catalysis with Nanostructured Materials
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shape-selective: both the reaction rate and the enantios-

electivity increased with an increase in the Pt{111}/Pt{100}

ratio. Recently, a general method to synthesize water-

soluble octahedral, truncated octahedral, and cubic Pt, PtxNi1�x,

and nickel (Ni) nanocrystals with uniformly controlled shapes

and compositions was reported (Figure 1).9 Structure�activity

dependence studies revealed that the shapes, compositions,

and capping agents strongly influenced the catalytic perfor-

mances in hydrogenation reactions (eq 6). The higher catalytic

performance for PtNi2 octahedron was ascribed to a higher

percentage of exposed {111} facets.

We have developed ultrathin Pt nanowires with a diam-

eter of 1 nm and a length of 100 nm.10 The surface of the

Pt nanowires wasmodified with cinchona alkaloid and used

for hydrogenation of R-ketoesters at room temperature and

under low pressure in water (eq 7). The catalysts showed

excellent yields andmoderate-to-excellent enantioselectivities,

and provided ease of handling under moisture and air. They

were easily recycled, without any change in activity, and

showed only a minor change in selectivity (1�5% enantio-

meric excess (ee)) over 11 runs (Figure 2). These Pt nanowires

were also used by Hu et al. for the efficient C�N coupling of

carbonyls with aromatic nitro compounds under low hydro-

gen (H2) pressure to N-alkylamines (eq 8).11 They exhibited a

much higher catalytic activity than Pt NPs or nanorods due to

the predominance of the Pt{111} surfaces.

Cuprous oxide (Cu2O) nanocrystals of cubic, octahedron-

like, sphere-like, plate-like, and cuboctahedron-like mor-

phologies have been synthesized. They were examined in

FIGURE 1. (a) Transmission electron microscopy (TEM) image of Ni octahedrons. (b�d) Magnified TEM images of Ni 1D structures with different
orientation. (e) High-resolution TEM (HRTEM) image of Ni octahedron; the inset is the scheme of the structure of octahedron. (f) Magnified
images of the lattice fringe of the Ni octahedron. (g) TEM and (h) high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images of Ni truncated octahedrons. (j) Magnified images of the lattice fringe of the Ni truncated octahedron in (i). Size distributions of
(k) octahedral Ni nanoparticles and (l) truncated octahedral Ni nanoparticles. Reprinted with permission from ref 9. Copyright 2012 American
Chemical Society.
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N-arylation reactions (eq 9) and clearly demonstrated the

shape and morphology dependency of catalytic sites.12

{111} planes of Cu2O showed a higher catalytic activity than

{100} planes and nanospheres due to surface atomic densi-

ties, surface energies, and electronic surface properties. Pd

concave nanocubes with high-index faces were fabricated

by Jin et al. and employed in the Suzuki coupling reaction

(eq 10).13 Compared to the Pd nanocubes enclosed by {100}

facets, the Pd concave nanocubes enclosed by high-index

{730} facets displayed a substantially higher catalytic activity.

Magnetic Nanocomposites
Magnetic NPs have been extensively explored as alternative

catalyst supports due to their high surface area (resulting in

high catalyst loading capacity), high dispersion, excellent stabi-

lity, and ease of catalyst recycling.14 The catalysts are usually

immobilized on the surface of the magnetic NPs, allowing for

easy access to the active sites. Recovery of the catalyst from

liquid phase reactions by magnetic separation is more conve-

niently achieved than conventional methods, such as filtration

or centrifugation. Iron oxideNPs such asmagnetite (Fe3O4) and

maghemite (γ-Fe2O3) are commonly used as catalyst supports,

and the catalysts are generally loaded onto the magnetic

support either by further surface modification of the magnetic

NPs (MNPs) or by coprecipitation with MNPs during synthesis

whereby functional ligands are used as stabilizers.15

We have demonstrated the use of SiO2/Fe2O3 nanocom-

posites as amagnetic catalyst supportwhereby Pdnanoclus-

ters were deposited in high dispersion and stability.16 The

catalyst was used for the hydrogenation of nitrobenzene

with excellent reactivity and reusability (eq 11, Figure 3).

The excellent reactivity and recyclability of the Pd/H2N�SiO2/

Fe2O3 (99% yield over 6 runs) was due to the amine ligands

on SiO2/Fe2O3, which suppressed the agglomeration of Pd

nanoclusters during the hydrogenation reaction.

γ-Fe2O3 NPs could also be grown inside MCFs, which

showed a high surface area and a large pore size, facilitating

the loading of, reaction with and recycling of enzyme

catalysts, Pd nanoclusters (eq 12) and Ru-based catalysts.17

Various noble metal nanocatalysts, such as Pt, gold (Au)

and Pd, were directly grown on the surface of Fe3O4/SiO2 or

polymer nanotube magnetic hybrids with high dispersion

and high loading capacity. High catalytic activity was ob-

served in the reduction of nitrophenol (eq 13), alcohol

oxidation (eq 14), and Heck coupling reactions (eq 15) with

high activity and recyclability.18

FIGURE 2. (A�C) TEM and (D) high-resolution TEM images of Pt nano-
wires (A) before use, (B) after 2 runs, and (C, D) after 10 runs. Reprinted
with permission from ref 10. Copyright 2011 Royal Chemical Society.
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An environmentally friendly magnetically recoverable

iron oxide nanocatalyst was used as efficient catalyst for

the synthesis of 2-phenylquinazolines under solvent-free

conditions by Anand et al. (eq 16).19 A gram-scale synthesis

of magnetically separable and recyclable Co@SiO2 yolk-

shell nanocatalyst was reported by Park et al., and this

catalyst was efficiently used for the phenoxycarbonylation of

iodobenzene (eq17).20 Thisnanocatalyst owed itshighactivity

to surface cleannessand individual protectionof the cobalt (Co)

cores against sintering. A nanoferrite-supported ruthenium

hydroxide catalyst showedexcellent reactivity in thehydration

of nitriles (eq 18), which proceeded in aqueous medium

(Figure 4).21 The noncovalent anchoring of the ruthenium

hydroxide to the amine-binding sites on the surface of the

nanoferrite minimized deterioration and metal leaching, and

permitted efficient catalyst recycling. Novel bimetallic Cu@Fe

NPs acted as a recoverable heterogeneous catalyst for the

azide�alkyne click reaction in water in excellent yield

(eq 19),22 and copper ferrite NPs were used for cross-coupling

of aryl halides with diphenyl selenides (eq 20).23

FIGURE 3. (a) TEM micrographs of as-prepared SiO2/Fe2O3 (left inset), Pd/HS-SiO2/Fe2O3 (left), and Pd/H2N-SiO2/Fe2O3 (right). (b) Synthesis of Pd/
SiO2/Fe2O3 nanocomposites. Reprinted with permission from ref 16. Copyright 2006 American Chemical Society.
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Ranganath et al. reported the formation of Pd NPs on

Fe3O4 and subsequent chiral surface modification using

enantiomerically pure N-heterocyclic carbenes (NHCs).24

The chiral NHCs bearing secondary hydroxyl groups not

only acted as chiral modifiers for the Pd NPs, but also

stabilized the Pd NPs against leaching. This readily acces-

sible catalyst was successfully applied in asymmetric

heterogeneous R-arylation of ketones, yielding up to

85% ee with excellent catalyst recyclability (eq 21,

Figure 5).

Hu et al. designed and synthesized MNP-supported chiral

catalysts containing 4,40-bisphosphonic-acid-substituted BI-

NAP-Ru-DPEN (BINAP = [1-(2-diphenylphosphanylnaphtha-

len-1-yl)naphthalen-2-yl]-diphenylphosphane, DPEN= (R,R)-

1,2-diphenylethylenediamine) moieties, and employed them

in the asymmetric hydrogenation of ketones with excellent

conversions and enantioselectivities (eq 22).25 FePd mod-

ified by chiral BINAP was used for an asymmetric coupling

reaction (eq 23).26 The BINAP ligand served a dual function

of imparting chirality to the NPs and acting as a stabilizer

to prevent sintering and agglomeration under catalytic

conditions.

FIGURE 4. (A) Synthesis of nanoferrite�[Ru(OH)]x. (B) Hydration of
benzonitrile to benzamide using nanoferrite�[Ru(OH)]x catalyst.
Photographs of the glass tube: (a) during reaction under stirring, (b) after
reaction completion without stirring, (c) catalyst removal by external
magnet, and (d) appearance of product crystals after cooling the aque-
ous solution. Reprinted with permission from ref 21. Copyright 2009
Wiley-VCH Verlag GmbH & Co. KGaA.

FIGURE 5. Preparation of Fe3O4/Pd NPs modified by chiral NHC; for
clarity, the sizes are not represented in proportion. Reprinted with
permission from ref 24. Copyright 2010Wiley-VCH Verlag GmbH & Co.
KGaA.
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Semiconductor-Metal Nanocomposites
Supported Au/CeO2 and Au/ZrO2 catalysts have been

synthesized for a highly efficient three-component coupling

reaction of aldehydes, amines, and alkynes/N-protected

ethynylanilines (A3 coupling) inwater to produce substituted

propargylamines and indoles in good-to-excellent yields

(eqs 24 and 25).27 The high activities of the heterogeneous

catalysts have been attributed to the stabilization of the

active cationic Au(III) species on cerium oxide (CeO2) or

zirconium oxide (ZrO2).

Wang et al. have used a supported Au/MoOx heteroge-

neous catalyst for the aerobic oxidation of alcohols to

aldehydes in high yields (eq 26).28 In their study, the authors

confirmed that electron transfer from the partially reduced

MoOx support to the Au NPs would result in negatively

charged Au cores, yielding highly active catalysts for the

selective aerobic oxidation of alcohols. In a related earlier

study, Au clusters smaller than 1.5 nm stabilized by poly(N-

vinyl-2-pyrrolidinone) (PVP) were used as active catalysts for

the aerobic oxidation of alcohol to aldehyde (eq 27).29 The

catalytically active Au clusters were negatively charged by

electron donation from PVP, and the catalytic activity of the

Au clusters was enhanced with increasing electron density

on the Au core.

Mitsudome et al. have exploited Au and silver (Ag) NPs

supported on hydrotalcite (HT) as highly active catalysts for

the deoxygenation of epoxides to alkenes using alcohol as

a reductant (eq 28).30 Excellent selectivities (of >99%) and

turnover numbers (up to 20000) were achieved. Based on

their experimental results, the authors proposed that the

basic support hydrotalcite promoted the deoxygenation of

epoxides by providing the basic sites required for the oxida-

tion of alcohols to produce metal hydride ([H�Au]� or

[H�Ag]�) and protonated hydrotalcite ([H�HT]þ) species. Pro-

tonation of the epoxide with the [H�HT]þ species, and sub-

sequent reduction by the metal hydride species, followed by

dehydration would provide the desired alkene product.

A core�shell nanocomposite of Ag@CeO2 has been

developed for the chemoselective reduction of nitrostyrenes

and epoxides, while retaining CdC bonds (eqs 29 and 30).31

This core�shell nanocomposite was shown to exhibit great-

er chemoselectivity than conventional oxide-supported

Ag NPs. The enhanced chemoselectivity was due to the

FIGURE 6. Catalyst design of core�shell nanocomposite for chemose-
lective reductionswith H2. (a) Representation of Ag/HT reactingwith H2;
both polar and nonpolar hydrogen species are formed. (b) Representa-
tionof AgNPs@BM;AgNPsare coveredwith a basicmaterial (BM),which
reacts with H2 at a basic site (BS) to result in the exclusive formation of
polar hydrogen species. Reprinted with permission from ref 31. Copy-
right 2012 Wiley-VCH Verlag GmbH & Co. KGaA.
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maximizationof the interfacial area between theAgNPs and

the basic CeO2 shell in the core�shell structure (Figure 6).

The exclusive formation of heterolytically cleaved H2 spe-

cies was achieved through a synergistic effect between Ag

NPs and the basic sites of CeO2, which suppressed the

unfavorable formation of homolytically cleaved H2 species

on the bare Ag NPs. The resulting Ag hydride and proton

species led to complete chemoselective reduction of polar

functionalities while retaining the CdC bonds.

Ag NPs supported on hydroxyapatite (Ag/HAp) were

utilized as active catalysts for the selective oxidation of

silanes to silanols with water as the oxidant in the absence of

organic solvents (eq 31).32 The cooperative action between Ag

NPs and HAp to create a hydrophilic environment played an

important role in increasing the concentration of nucleophiles

(OH� or H2O), hence promoting the formation of silanols by

suppressing the condensation todisiloxanes. The catalyst could

be recycled four times without any loss of activity.

We have established synthetic methodologies for the

preparation of various transition metal NPs using a general

phase-transfer protocol.33 These methodologies allowed

us to synthesize a variety of semiconductor�noble metal

nanocomposites for electrochemical methanol oxidation

reactions.34 We have expanded this work to develop

various semiconductor�gold nanocomposite systems

(Figure 7), and shown that the PbS�Au nanocomposite

was an efficient heterogeneous catalyst for the synthesis

of propargylamines via a three-component coupling reac-

tion of aldehyde, amine, and alkyne in water (eq 32).35 The

PbS�Au heterogeneous catalyst (supported on carbon)

was stable to air and water, and could be easily recovered

and reused. The particularly high catalytic activity of the

PbS�Au nanocomposite for the three-component coupling

reaction was attributed to the presence of Au(I) species on

the semiconductor support.

Titania-supported Ir subnanoclusters (ca. 0.9 nm) have

been employed as efficient heterogeneous catalysts for the

direct tandem synthesis of quinolines from nitroarenes and

aliphatic alcohols under mild and additive-free conditions

(eq 33).36 The high dispersion of subnanometer-sized Ir

clusters and the acidic sites on titanium dioxide (TiO2) surface

were essential to the rapid domino synthesis of quinolines

via a facile sequential transfer reduction�condensation�
dehydrogenation pathway.

FIGURE 7. TEM image of (a) CdS, (b) CdSe, and (c) PbS quantum dots and
(d) CdS�Au, (e) CdSe�Au, and (f) PbS�Au nanocomposites. Reprinted with
permission fromref35.Copyright2009Wiley-VCHVerlagGmbH&Co.KGaA.
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Hybrid Nanostructured Catalysts
An interesting strategy of applying heterogeneous catalyst

to known homogeneous catalytic reactions was established

by Witham et al.37 Pt NPs were synthesized by either

dendrimer or polymer encapsulation, followed by deposi-

tion on mesoporous silica SBA-15. The Pt NPs were then

selectively oxidized by hypervalent iodine species, iodoso-

benzene dichloride (PhICl2). The electrophilic Pt NPs thus

produced could be used to catalyze a range of π-bond

activation reactions previously accessible exclusively

through homogeneous catalysis (eq 34). The catalyst was

recycled four times with >90% yield of the product.

We have synthesized metallic and alloy NPs using poly-

oxometalates (POMs) as the reductants and stabilizing

agents for electrochemical methanol oxidation.38 This work

was further extended to produce Pd�polyoxometalate na-

nomaterials supported on carbon (Pd�POM/C) for the effi-

cient intermolecular C�Cbond formation via C�Hactivation

and C�N bond formation via oxidative amination, using O2

as the terminal oxidant to produce substituted anilides

and unsaturated amines, respectively (eqs 35 and 36).39

The presence of POM was vital for the oxidative C�C and

C�N coupling reactions since POM served as a reoxidation

catalyst under O2. The enhanced catalytic activity of the

Pd�POM/C nanomaterials has been attributed to the pre-

sence of active Pd(II) species.

Our laboratory has also developed a highly active and

selective nanocomposite catalyst Pt/WO3/Al-ZrOx for the

C7þ paraffin isomerization at a low temperature of 125 �C.40

This nanocomposite consisted of highly dispersed WO3

domains and Pt clusters supported on Al-substituted ZrO2

nanocrystals. The excellent catalytic performance of Pt/

WO3/Al�ZrOx was attributed to the high surface density of

split-overH2 andamore facile reverse process of H2 spillover

associated with the Al-doped ZrOx, and the high dispersion

of components in the nanocomposite catalyst.

An et al. recently reported the use of Keggin-type poly-

oxometalate-supported Au NPs (Au/CsxH3�xPW12O40) for

the selective conversion of cellobiose and cellulose to glu-

conic acid in water in the presence of O2 (eq 37).41 The

acidity of the polyoxometalates and the mean size of the

Au NPs played crucial roles in the selective conversion of

cellobiose to gluconic acid. The acidic polyoxometalates not

only catalyzed the hydrolysis of cellobiose to the glucose

intermediate, but also contributed to the higher selectivity of

gluconic acid by facilitating its desorption and inhibiting its

further degradation.

In a recent report by Zhang et al., active crown-

jewel-structured Au/Pd nanocluster (CJ-Au/Pd NC) catalysts

containing an abundance of top (vertex or corner) Au atoms

(Figure 8) were synthesized by a galvanic replacement

reaction.42 The initial catalytic activity of the CJ-Au/Pd NCs

for the aerobic glucose oxidation to gluconic acid (eq 38),

normalized to the number of moles of Au, was much higher

than Au. The high activity of the catalyst was attributed to

FIGURE 8. Schematic illustration of the deposition of top Au atoms on
Pd mother clusters. Reprinted with permission from ref 42. Copyright
2012 Macmillan Publishers Ltd.: [Nature Materials].
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the donation of electrons from the Pd atoms to form nega-

tively charged top Au atoms. Electron transfer from the

anionic top Au atoms to O2 would generate the active

hydroperoxo-like species in the glucose oxidation.

The use of isolated metal atom geometries was em-

ployed as a strategy for the selective hydrogenation of

styrene and acetylene.43 The authors found that indivi-

dual isolated Pd atoms (1%) on a Cu surface activated H2,

which then spilled over onto the bare Cu(111) surface. The

weakly bound hydrogen atoms in this system were effec-

tive in the selective hydrogenation of styrene and acet-

ylene, as compared to the cases whereby pure Cu or Pd

metal alone was employed.

Supported Au�Pd NPs on carbon or TiO2 were used for

the selective oxidation of primary benzylic carbon�hydro-

gen bonds in toluenewith O2 to benzyl benzoate undermild

solvent-free conditions (eq 39).44 The authors found that

addition of Pd would lead to a substantial increase in the

conversion, indicating a clear synergistic effect for the

Au�Pd catalysts. The optimum catalyst composition has a

Au/Pd molar ratio of 1:2. Au�Pd/C catalyst was found to be

more active than Au�Pd/TiO2 catalyst, which could be

attributed to the particle/support wetting behavior and the

availability of exposed corner/edge sites.

Polymer incarcerated carbon black (PICB) Au/Co NPs

were synthesized as active catalyst for the selective synth-

esis of amides from alcohols and amines using O2 as a

terminal oxidant via a tandem oxidative process (eq 40).45

The Au and Co NPs were well-dispersed throughout the

polymer/carbon black composite material and were in

close proximity to each other. The high activity and

selectivity of the PICB Au/Co catalyst was due to the

stabilization of the carbinolamine intermediate and the

inhibition of undesirable dehydration side reaction by the

Co center.

Nanocrystalline tandem catalysts with multiple metal�
metal oxide interfaces were developed for catalytic sequential

reactions.46 A nanocrystal bilayer structure was fabricated by

assembling Pt and CeO2 nanocube monolayers on a flat SiO2

substrate via the Langmuir�Blodgett method. The surface cap-

ping agents of the nanocrystals were removed by ultraviolet/

ozone treatment toprovidecleanmetal�metaloxide interfaces.

Two separate sequential reactions were then catalyzed at the

twodistinctmetal�metaloxide interfaces,CeO2�PtandPt�SiO2.

TheCeO2�Pt interface decomposedmethanol to formCOand

H2, which were then used for the catalysis of ethylene hydro-

formylation by the Pt�SiO2 interface (Figure 9).

Conclusions and Outlook
Over the past few years, significant advances have been

made in the synthesis of well-defined nanostructured mate-

rials as active heterogeneous catalysts for various types of

organic transformations. These nanostructured materials

have emerged as powerful catalysts for the efficient trans-

formation of raw materials into valuable chemicals and

fuels. Rational design of the size, shape, and composition

of theactiveNPs, and the interface andarchitecture between

the NPs and their support is critical to the development of

highly active and selective nanocatalysts. This Account has

reviewed selected examples of nanocatalysts to illustrate

certain principles of catalytic enhancement via control of

their dispersion, morphology, composition, oxidation state,

and interactionwith their supports. Althoughmuch progress

has been made in the past decade, more research needs to

FIGURE 9. Ethylene hydroformylation with MeOH over a tandem
catalyst. Reprinted with permission from ref 46. Copyright 2011 Mac-
millan Publishers Ltd.: [Nature Chemistry].
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be conducted in the area of nanocatalysis. The challenge in

the future of nanocatalyst research lies in the rational design

and development of multifunctional, robust, and recyclable

nanocomposite catalysts that can effectively performmultiple

catalytic reactions with high atom-efficiencies, yields, chemos-

electivities, and enantioselectivities within a one-pot system.

The successful engineering of such versatile nanocomposites

for low-temperature, low-pressure, and aqueous-based sys-

tems would present a significant step toward the attainment

of green and sustainable chemical processes.
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