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Abstract: In the last few decades, the synthesis and cata-
lytic application of nanoscaled particles prepared from
Group 8–10 (formerly Group VIIIB) elements have been
widely explored and have achieved promising results. The
innovative use of these nanoparticle catalysts may provide
new opportunities in the efficient combination of conven-
tionally used homogenous and heterogeneous catalysts.
Conventional homogeneous catalysts pose extraction and
recycling difficulties when dealing with metal complexes
and/or ligands, whereas heterogeneous catalysts generally
require more pressing experimental conditions, such as
high temperatures and high pressures, to be effective.

Therefore, to solve these problems, the synthesis and use
of nanoparticle catalysts as replacements for conventional
catalytic systems is a breakthrough owing to their im-
proved handling and environmental and economic aspects.
This Focus Review primarily addresses the catalytic appli-
cations of neutral Group 8–10 nanoparticles with an aver-
age size of less than 10 nm, and also includes a discussion
of commonly used synthetic methodology.

Keywords: C–C coupling · ionic liquids · isotopic labeling ·
nanostructures · transition metals

1. Introduction

Homogeneous metal catalysis in synthetic organic chemistry
is now so advanced that reagent combinations are available
that can perform a huge spectrum of transformations
thought to be impossible a few years ago.[1] However, sever-
al practical problems can be encountered in the implemen-
tation of a homogeneous catalyst system upon scale-up and
large-scale industrial utilization, particularly in the cost of
catalyst components (both transition metal and ligand) and
the difficulty faced in the separation and recycling of the

catalyst. On the other hand, heterogeneous catalysts have
been widely used in industrial processes in applications as
varied as alkylation with Y-type zeolites, hydration by silica-
supported acids, and hydrogenation by various transition
metals.[2] However, for most heterogeneous catalysts, the re-
action mechanisms are not known with a great deal of cer-
tainty. Furthermore, modification of the active centers of
heterogeneous catalysts is difficult to achieve with precision.
It is a significant challenge for current catalysis researchers
to combine the advantages of both heterogeneous and ho-
mogeneous catalysis, as reported heterogenization processes
such as the chemical immobilization of active organometal-
lic catalysts or ligands onto various solid supports usually do
not overcome problems such as the leaching of active cen-
ters and/or the lowering of activity.[3]

Future advances in catalysis are highly dependent on the
development of new catalytic materials with advanced
design characteristics. Catalyst technology is constantly
pushing towards smaller materials with improved properties,
for example, activity and selectivity, to minimize waste. As a
result of the development of advanced synthetic methodolo-
gies, transition-metal nanoparticles with average sizes of less
than 10 nm and narrow size distributions can be convenient-
ly prepared. Although the definition from the EU Commis-
sion acknowledges that nanotechnology can deal with ob-
jects on a scale of less than 100 nm, the transition-metal
nanoparticles covered in this Focus Review are predomi-
nantly less than 10 nm in diameter.[4] It is widely acknowl-
edged that a smaller catalyst particle (<10 nm) leads to
higher and more sustained activity relative to bulk heteroge-
neous catalysts; a particle of this diameter experiences no
significant attrition.[4] As a result, both the activity and the
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stability of a solid catalyst system suspended in the liquid
phase can benefit greatly from the use of smaller catalyst
particles. In recent years, the preparation and stabilization
of nanoscale metal particles (<10 nm) has attracted much
attention as the materials prepared have intriguing chemical
and physical properties as well as a myriad of potential ap-
plications.[4] With advances in the methods of fabricating
nanomaterials, it has been possible to prepare “soluble” an-
alogues of heterogeneous catalysts that might have proper-
ties intermediate between those of bulk metal and single
metal particles. This characteristic is due to the high surface
areas and high density of active sites.[5] The application of
transition-metal nanoparticles as catalysts for organic trans-
formations has attracted widespread interest as nanoparti-
cle-based catalytic systems can exhibit superior catalytic ac-
tivities relative to the corresponding bulk materials.[6] For
example, Miyaura–Suzuki cross-coupling and Heck reactions
are very versatile and useful tools in organic synthesis, and
palladium complexes are important catalysts for these two
reaction types. However, the relatively high price of the pal-
ladium complexes required has greatly limited the industrial
implementation of the corresponding homogeneous reac-
tions; some of the phosphine ligands are also air- and mois-
ture-sensitive. Furthermore, similarly to other homogene-
ous-catalyst systems, the removal of ligands and ligand-deg-
radation products derived from homogeneous catalysts
often complicates workup and production isolation.[7] There-
fore, to avoid these issues, heterogeneous palladium cata-
lysts have been developed over the last decade.[8] Highly dis-
persed and stable Pd0 nanoparticles have been prepared on
various supports such as mesoporous silica, dendrimers,
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ionic liquids, polymers, and so on, and these nanoparticles
maintain high activities.[9] The nanoparticles are also easily
recovered by recycling processes such as magnetic attrac-
tion.[10] As the length of this Focus Review is limited, nano-
sized crystallographically ordered inorganic solids such as
zeolitic aluminosilicates, transition-metal oxides, and immo-
bilized homogeneous catalysts will not be included in this
report. However, the synthesis and stabilization of neutral
Group 8–10 (formerly Group VIIIB) metal nanoparticles
(G8-10NPs) will be briefly described, and their catalytic ap-
plications in organic reactions will be discussed in more
detail.

2. Current Synthesis and Stabilization
Methodologies of G8-10NPs

Several reviews and books have been published with regard
to the synthesis, stabilization, and application of transition-
metal-derived nanoparticles.[11–14] It is well-recognized that
the exact preparation process, as well as the stabilizer and
support used, can have critical influences on the morpholo-
gy, size distribution, and electronic properties of the nano-
particles produced,[15–17] all of which are strongly related to
their catalytic performance.[14–17] One popularly used method
of preparing catalytic G8-10NPs is the reduction of transi-
tion-metal salts or ligand-coordinated complexes in the pres-
ence of stabilizers, such as functional polymers, surfactants,
or ionic liquids, to avoid particle aggregation.[14,18,19] Conven-
tional reductants include hydrogen, alcohols, borohydrides
(e.g., NaBH4 or KBEt3H), formic acid, hydrazine, lithium,
and others.[11–14,20–28] For instance, well-dispersed rutheni-
um(0) nanoparticles with a mean diameter of around 2.4 nm
and a narrow size distribution were successfully prepared in
our laboratory by the reduction of precursor [CpRuCp*-
RuCp*]PF6 (Cp=C5H5, Cp*=C5Me5) stabilized by the pres-
ence of an ionic-liquid agent, trihexyltetradecylphosphonium
dodecylbenzenesulfonate.[18] The Ru0 nanoparticles stabi-
lized with ethylene glycol were easily extracted into ionic
liquids to form two layers. Owing to differences in the densi-
ties of the ionic liquids and ethylene glycol, the ionic liquid
containing nano-Ru0 could be either the top or the bottom
layer of the biphasic mixture (Figure 1a and b). For support-
ed metal nanoparticles, commonly used methods of synthe-
sis include 1) adsorption of previously prepared colloidal
metal nanoparticles onto a high-surface-area solid support
material,[16] 2) use of impregnation techniques to immobilize
suitable precursors followed by decomposition in situ by hy-
drogenation, thermolysis, photolysis, and so on,[15–31] and
3) direct grafting of transition-metal nanoparticles onto the
support.[32,33] Notably, the nanoparticle size, shape, and sta-
bility, all of which play important roles in determining cata-
lytic performance, can be precisely controlled by simple
modification of the preparation conditions. Examples in-
clude reduction temperature, reaction time, concentration,
and type of stabilizer and solution used.[16] With the above
methods, we prepared magnetic-nanoparticle-supported, ul-

trasmall Pd0 particles (<1 nm) as catalysts. In this case, im-
mobilized phosphate functional groups were used as stabiliz-
ing ligands (Figure 1c).[19] By utilizing recent developments

Figure 1. Ionic-liquid systems and Pd-supported magnetic nanoparticles.
a) Ru nanoparticles in different ionic liquids.[18] b) TEM picture of Ru
nanoparticles.[18] c) Synthesis of magnetic-nanoparticle-supported palladi-
um nanoparticles.[19] acac=acetylacetonate, BMIM=1-N-butyl-3-methyl-
ACHTUNGTRENNUNGimidazolium, DBS=dodecylbenzenesulfonate, THTdP= trihexyltetrade-
cylphosphonium.
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in materials chemistry, supports other than traditional meso-
porous silica, alumina, or active carbon can now be used.
New macromolecules, such as carbon nanotubes (CNTs;

Figure 2), which might offer high chemical stability, high sur-
face area, and good thermal stability,[34–39] and dendrim-
ers,[40,41] have been used as supports for transition-metal
nanoparticle catalysts with promising performances to date.

Other methods, such as UV photolysis,[42] thermal decom-
position,[43] metal-vapor deposition,[44] electrochemical re-
duction,[45] sonochemical decomposition,[46] microwave irra-
diation,[47] and rapid expansion of solutions of supercritical
fluids[48] have also been successfully used to prepare G8-
10NP-based catalysts.

Bi- and multimetallic G8-10NPs can be prepared similarly
by using the above-mentioned synthetic routes for homome-
tallic nanoparticles. In this area, significant contributions
have been made, in particular, by Johnson and co-work-
ers.[29] Several types of bimetallic nanoparticles such as
Ru6Pd6, Ru5Pd, and related molecules have been prepared
by the thermolysis of appropriate carbonylate precursors.
These new nanoparticle catalysts have been used in organic
reactions such as olefin hydrogenation.[29]

3. Catalytic Applications of G8-10NPs

In recent years, the synthesis and application of metal nano-
particles to organic synthesis has been attracting more and
more attention. Metal nanoparticles may have advantages
and be developed into highly effective, selective, and envi-
ronmentally benign catalysts. On the basis of a report from
Business Communication Co., the global market for nanoca-
talysts, including enzymes, zeolites, and transitional-metal
nanocatalysts, is expected to reach US$5.0 billion in 2009.[49]

By now, thousands of research articles, review papers, and
books have been published that discuss the range of catalyt-
ic applications of G8-10NPs in organic-molecule transforma-
tions.[11–17,50–52] It is widely recognized that the catalytic per-
formance of transition-metal nanoparticles is critically influ-
enced by the exact reaction conditions used, such as size
and shape of particles, support, and stabilizers, reaction tem-
perature, reaction media, and the like.[14–17] For example, Pt0

nanoparticles can have either tetrahedral, cubic, or spherical
shapes, with average sizes of 4.8�0.1, 7.1�0.2, and 4.9�
0.1 nm, respectively.[16] Platinum nanoparticles have been
utilized to catalyze one-electron-transfer reactions between
hexacyanoferrate ACHTUNGTRENNUNG(III) and thiosulfate ions to form hexacya-
noferrate(II) and tetrathionate ions.[16] Under the reaction

conditions, tetrahedral and cubic platinum nanoparticles
strive to resemble spherical platinum nanoparticles because
the latter have the lowest surface energy. “Near-spherical”
nanoparticles are of modest catalytic activity and are most
stable.[16] It is difficult to compare fully and judge detailed
catalytic performances for various reactions. In this Focus
Review, we discuss generally examined organic transforma-
tions, including hydrogenation, C�C bond formation, redox
reactions, and other unique reactions with G8-10NPs.

3.1. Catalytic Hydrogenation

3.1.1. Catalytic Hydrogenation of Alkenes, Alkynes, and
Carbonyl Compounds

The catalytic hydrogenation of various unsaturated C=C,
C�C, and C=O bonds with G8-10NP catalysts have been
widely investigated.[11,17,51] Selected hydrogenation reactions
that have been examined catalytically are listed in
Scheme 1. The scheme indicates that different alkenes, al-
kynes, ketones, and aldehydes can be reduced to the corre-
sponding alkanes and alcohols under mild conditions: low
hydrogen pressures (�1 atm) and low temperatures (at or
near room temperature).[11, 17,51] When multiple unsaturated
C�C bonds exist within the same molecule, such as in
arenes and 1,5-cyclooctadiene, the molecule does not have
to be hydrogenated fully. Partial hydrogenation can be ach-
ieved in high yields to produce cyclohexene and cyclooctene,
respectively.[38,50,51, 53] For unsaturated ketones and aldehydes,
the C=C bonds can be selectively hydrogenated to the satu-
rated carbonyl compounds. As an example, with Pd
MWCNTs (multi-walled carbon nanotubes) as the catalyst,
it is possible to convert cinnamaldehyde into hydrocinna-
maldehyde in yields as high as 78% (Scheme 1, Equa-
tion (10)).[38,54] Notably, bimetallic nanoparticles used as cat-
alysts usually result in higher activities than the correspond-
ing monometallic nanoparticles under the same reaction
conditions.[11, 52] As an example, in the hydrogenation of
either 1-hexene or 1-dodecene, the turnover frequency
(TOF) for a bimetallic Pd–Ru nanoparticle catalyst is more
than 10 times higher than for monometallic Ru and Pd
nanoparticles alone.[55] The improved activity may result
from the active interaction of the bimetallic composition.
Besides composition, the size and shape of metallic nanopar-
ticles also play important roles in ultimate catalytic perfor-
mance.[16] Interestingly, substantial particle agglomeration
has not generally been observed for G8-10NP catalysts. Nor-
mally, G8-10NP catalysts can be reused many times, even
thousands of times, without dramatically losing catalytic per-
formance.[11,56–61] With the appropriate support and stabiliz-
er, leaching of G8-10NP catalysts can be significantly de-
creased or even avoided.[18,19,59] Importantly, by using G8-
10NPs such as nano-Pt0, -Ru0, -Rh0, and -Ir0 as catalysts, the
complete hydrogenation of arenes can be successfully ach-
ieved to produce saturated substituted cyclohexanes under
mild conditions.[53, 54,60, 62,63] For example, benzene was hydro-
genated to cyclohexane with 100% conversion by utilizing

Figure 2. Carbon nanotubes as nanocatalyst support.

654 www.chemasianj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 650 – 662

FOCUS REVIEWS
Y. Zhu et al.



Pt0 nanoparticle catalysts with 2–3-nm diameters at 75 8C
under 4 atm H2 pressure in the absence of solvent.[60]

Another interesting investigation is the asymmetric hydro-
genation of C=O and C=N bonds with G8-10NP catalysts to
produce optically pure alcohols and amines, respectively. It
is well-recognized that the reduction of aldehydes, ketones,
and imines to chiral alcohols and amines has been very es-
tablished, and many notable homogenous and heterogene-
ous catalysts that give high yields (>95%) in these reduc-
tions already exist. However, problems are again faced with
catalyst recycling and product separation. It was reported
that the enantioselective hydrogenation of ethyl pyruvate to
(R)-ethyl lactate (Scheme 1, Equation (12)) was achieved
with 100% conversion and enantiomeric excesses (ee) of up

to 72% by using layered-
double-hydroxide (LDH-Mg-
Al)-supported Pt0 nanoparticle
catalysts in the presence of the
chiral inductor cinchonidine.[64]

The catalyst was recovered and
reused for several cycles with
no significant drop in activity.[64]

In another example, Pt0 nano-
particles (�2.7-nm diameter)
stabilized with the surfactant
salt N,N-dimethyl-N-cetyl-N-(2-
hydroxyethyl)ammonium chlo-
ride also showed efficient activ-
ity for the asymmetric hydroge-
nation reaction in Scheme 1,
Equation (12) in biphasic media
under hydrogen pressure.[65]

The nano-Pt0 catalysts were re-
covered and used for additional
runs with total conservation of
activity and an enantioselectivi-
ty for (R)-ethyl lactate of up to
55% ee in aqueous media.[65]

Furthermore, a higher ee of
97% was reached by using
Al2O3-supported Pt0 nanoparti-
cle catalysts in MeOH/
AcOH.[65] Pd0 nanoparticles sta-
bilized by chiral bisphosphine
BINAP (2,2’-bis(diphenylphos-
phanyl)-1,1’-binaphthyl), with
an average size of (2.0�
0.5) nm, were reported to be ef-
ficient catalysts for the asym-
metric hydrosilylation of sty-
rene and related olefins under
mild conditions to give enantio-
metric excesses of 95% in ap-
proximately 90% yields. This
catalyst is more active than the
phosphine complex [Pd-
ACHTUNGTRENNUNG(PPh3)4].

[66]

Furthermore, high regioselectivities have also been ach-
ieved with G8-10NP catalysts. For instance, hydrogenation
of cyclohexenone in the reaction shown in Scheme 1, Equa-
tion (13) can be well-controlled to produce cyclohexanone
in 90% yield by using Ir0 nanoparticle ((2.3�0.4)-nm diam-
eter) catalysts with a selectivity of 83:16 (ketone/alcohol)
under mild conditions.[54] With Pt0 nanoparticles (0.6–2.6-nm
diameter), an even higher selectivity of 92:5 (ketone/alco-
hol) was reached with 56% conversion for the same reac-
tion.[67] The C�C bond can also be selectively hydrogenated
in the presence of a C=C bond (Scheme 1, Equation (14)).[54]

For nano-Pd0 catalysts with an average diameter of 1–3 nm
supported on nanostructured polymers, both high activity
(>98% conversion) and selectivity (>95%) were achieved

Scheme 1. Catalytic hydrogenation of C=C, C�C, and C=O groups. The references from which the examples
are taken are given in square brackets on the right.
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for the reaction in Scheme 1, Equation (14).[54] Interestingly,
in results based on varying the support, high hydrogenation
selectivities were also reached by using structurally related
olefins such as allyl alcohol, 1-penten-3-ol, and 3-methyl-
penten-3-ol. By using Pd0 nanoparticles of diameter 1–3 nm
embedded in polyelectrolyte films of poly(acrylic acid) and
polyethylenimine as catalysts, a high chemoselectivity ratio
of 435:94:23 for the three alcohols mentioned above was
reached in methanol/water (4:1 v/v).[54] The selectivities are
about two to three times higher than that with dendrimer-
encapsulated Pd0 nanoparticles, which suggests that the
polyelectrolyte films provide highly restricted access to the
catalytic sites of the nanoparticles.[54] From the limited re-
ported data, it can be seen that G8-10NP catalysts are not
as effective for enantio- and regioselective hydrogenation
reactions relative to current homogeneous catalysts. Howev-
er, given their potential advantages in catalyst recycling and
other environmental factors, it is highly desirable to develop
these G8-10NP catalysts further to improve their perfor-
mance.

3.1.2. Catalytic Dehydrogenation of Alkanes and Alcohols

Dehydrogenation is the reverse process of hydrogenation.
Although the same catalysts can be used for both processes,
the detailed reaction conditions such as temperature, pres-
sure, and even solvents might well be different. Besides the
hydrogenation reactions shown above, G8-10NPs have also
been reported to be effective catalysts for the dehydrogena-
tion of alkanes and alcohols to produce the corresponding
alkenes. These reports are quite important because of poten-
tial applications in new alternative-energy research, such as
those seen in the hydrogen-energy economy. Pt0 nanoparti-
cles (<1-nm diameter) were reported as efficient catalysts
for the dehydrogenation of cyclohexane to produce hydro-
gen with the highest H2-producing rate of 1060 mmol
ACHTUNGTRENNUNG(g Pt)�1min�1 at 328 8C.[68] In this report, bimetallic Pt0–Rh0

nanoparticle catalysts of 4–5-nm diameter demonstrated
higher activities than monometallic Pt0 nanoparticles of 2–3-
nm diameter under the same conditions, as with the hydro-
genation catalysts seen above.[68] Catalysts prepared from
either nanoscale Pt0 or Fe0–Co0 deposited in microchannel
reactors are also active for the dehydrogenation of cyclohex-
ene.[68] Another recent example revealed that Pd0 or Ni0

nanocatalysts are highly active for the dehydrogenation of
CH4 to produce H2. These catalysts decreased the decompo-
sition temperature of CH4 to 400–500 8C.[69]

Notably, catalytic hydrogen production from ethanol
steam reforming has promise as a clean energy source
(C2H5OH+3H2O!2CO2 +6H2). This area is attracting
more and more attention from both academic and industrial
laboratories.[70] Compared with other possible hydrogen
sources, such as methanol, gasoline, natural gas, or ammo-
nia, ethanol is less toxic, can be stored more easily and han-
dled more safely, and can be obtained by fermentation of
biomass. High activities for the catalytic steam reforming of
ethanol have been found with Rh0, Ru0, Co0, Ni0, Pd0, and
Pt0 nanoparticle catalysts.[70–75] For these catalysts, oxide sup-

ports play an important role in setting catalytic perfor-
mance. For instance, the activities of the catalysts decreased
in the order Rh>Co>Ni>Pd on a MgO support.[71] For
Co0 nanoparticle catalysts, high activities for steam reform-
ing of ethanol were found when either Al2O3 or SiO2 sup-
ports were used.[72] In general, high temperatures, low pres-
sures, and high water-to-ethanol ratios in the feed favor hy-
drogen production; however, low temperatures favor the
formation of by-products such as acetaldehyde and ethyl
acetate.[70–75] In the future, the problems of fast catalyst
coking and by-product formation would need to be over-
come before effective scale-up can occur.

3.2. Catalytic Hydroformylation

Catalytic hydroformylation (Scheme 2) plays a key role in
both academic and industrial research. Currently, there are
three types of commercially applied processes for hydrofor-

mylation:[76] a phosphine-modified, cobalt-based system de-
rived from [HCo(CO)4], a rhodium-based catalyst system,
and a biphasic homogeneous hydroformylation. Rhodium-
derived catalysts are much more expensive than cobalt cata-
lysts and have higher activities and linear product selectivi-
ties with smaller substrates. The most significant problem of
using a rhodium catalyst such as [RhI(CO)2ACHTUNGTRENNUNG(acac)] is the cat-
alyst-recovery step. In general, even though current industri-
al processes have reached high standards of performance,
both the rhodium and cobalt catalyst systems are expensive,
and there is a desire to minimize these costs. Interestingly,
G8-10NPs are also active catalysts for olefin hydroformyla-
tion. Nano-Pd0 catalysts supported on silica-gel composites
are active for ethylene hydroformylation.[77] In this case, the
very fine nanoparticles of Pd0 (<2 nm in diameter) lead to
higher activity (TOF=16.1R10�2 min�1) than the relatively
large particles of Pd0 of 5–7-nm diameter (TOF= (1.77–
2.23)R10�2 min�1) when evaluated at 373 K in a fixed-bed-
type reactor.[77] The hydroformylation of 1-alkenes can also
be performed under solvent-free conditions by using Rh0

nanoparticle catalysts.[78] There is a strong influence of the
particle size on the hydroformylation reaction. When 5.0-nm
Rh0 particles were used in the hydroformylation of 1-al-
kenes, aldehydes were generated as products without any
hydrogenation of alkenes. With 1-hexene, a high linear/
branched ratio of 25:1 was achieved by addition of the
Xantphos ligand (9,9-dimethyl-4,5-bis(diphenylphosphanyl)-
xanthene).[78] Larg ACHTUNGTRENNUNGer nanoparticles of Rh0 (15 nm) produced

Scheme 2. Hydroformylation of a-olefins.
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only small amounts of aldehydes compared to experiments
with smaller Rh0 (5.0 nm) nanoparticles, a result similar to
those observed with a classical heterogeneous Rh/C catalyst
precursor.[78] Nano-Co0 particles with an average size of
around 7.5 nm supported on carbon nanotubes have been
reported to show high activity and regioselectivity for the
hydroformylation of 1-octene. A high conversion of 65.4%
was achieved with selectivity to the C9 aldehyde of 81.2% at
5.0 MPa of CO/H2 pressure at 130 8C.[79]

3.3. Catalytic C�C Bond Formation

The formation of C�C bonds is a key methodology in syn-
thetic organic chemistry for constructing new molecules.
Generally used reactions include the Miyaura–Suzuki cou-
pling reaction, the Heck reaction, carbene cycloaddition,
and the like. Although the technology involved has been
widely explored and excellently developed, there is still a
desire to discover new methodologies for C�C cross-cou-
pling reactions to impact the economics favorably and to aid
in industrial implementation. Improved properties might in-
clude lower catalyst amounts coupled with higher and more
reliable yields. Notably, most of the catalytic C�C cross-cou-
pling reactions reported so far are ligand-based reactions.[80]

One main disadvantage of this approach is that additional
steps are needed for attaching and removing the ligands.
Furthermore, removal of the leached metals from the reac-
tion solution is also critical to lower the possible toxicity of
the product. Therefore, recycling of both ligand and metal is
highly desirable for decreasing raw-material costs and engi-
neering a “greener” process through lowering of the amount
of waste chemicals for disposal, thus leading to less metallic
pollution for both products and environment.

To overcome this problem, both palladium complexes and
particles, which are the most popular catalysts in the
Miyaura–Suzuki cross-coupling and Heck reactions, have
been immobilized on various supports.[81] The detailed prog-
ress in using G8-10NP catalysts for these types of reactions
are discussed individually in the following sections.

3.3.1. Miyaura–Suzuki Coupling Reaction

This reaction was discovered in 1979 by Akira Suzuki; since
then, the coupling reaction has been widely used in organic
synthesis to form C�C bonds.[82,83] Homogeneous catalysts
have been primarily developed for this reaction. However,
the limitations imposed by expensive catalysts and ligands,
as well as the toxicity of phosphine-based ligands, have
made the process difficult to scale up. To overcome these
barriers, the exploration of new catalyst systems that com-
bine high efficiency and ease of reuse is a highly attractive
but daunting challenge. Palladium is the most commonly
used catalyst for the cross-coupling reaction. Over the last
few years, Pd0 nanoparticles have been immobilized on vari-
ous supports with excellent results in terms of activity.[19,24,84]

A report from Cho et al. revealed that the cross-linked
resin-supported Pd0 nanoparticles with average diameters of
(7.4�1.4) nm show high activity for the Miyaura–Suzuki

coupling reaction between substituted aryl bromides and
aryl boric acids in water.[81] A yield of 99% was achieved in
10 min with microwave irradiation for 4-acetylphenyl bro-
mide and phenyl boric acid.[24] Significantly, the catalyst is
reusable with minimal palladium leaching in the filtrate
(0.09 ppm from inductively coupled plasma with optical
emission spectroscopy (ICP-OES)). We successfully immobi-
lized ultrafine Pd0 nanoparticles (<1.0 nm) onto magnetic
nanoparticles enriched with phosphate functional groups
and demonstrated that these catalysts are effective for both
the Miyaura–Suzuki cross-coupling and Heck coupling reac-
tions (Figure 3).[19] These supported catalysts can be well-

dispersed in both aqueous and organic phases to produce a
false homogeneous catalyst system. Furthermore, this
unique catalyst was easily separated from the reaction
medium by magnetic attraction.

3.3.2. Heck Reaction

The Heck coupling reaction is a powerful method of prepar-
ing trans olefins. Aryl or vinyl halides with various function-
al groups have been shown to react with activated alkenes
under Heck reaction conditions. Some articles detailing this
chemistry have been published.[85,86] As with the Suzuki cou-
pling reaction, Pd–phosphine catalysts are normally used for
the Heck reaction. Because of the adverse environmental ef-
fects related to phosphines, phosphine-free catalytic systems
are desired. A number of Pd0 nanoparticles have shown
both high efficiency and convenient recyclability.[19,84,87–89] By
using Pd0-nanoparticle-core dendrimers as catalysts, in
which the average diameter of the Pd0 nanoparticles is
2.0 nm, Heck reactions of iodobenzene with styrene and
ethyl acrylate were successfully achieved with TOFs of 1738
and 1066 h�1, respectively.[84] Compared with commercially
available Pd/C catalysts (10 wt% Pd/C from Aldrich), in
which 53% conversion was achieved for the Heck coupling
reaction between iodobenzene and styrene to produce trans-
stilbene after 24 h, the CNT-supported Pd0 nanoparticles
showed a yield of 94% after 3 h under the same condi-
tions.[89] On the basis of a report by CalS et al., Pd0 nanopar-
ticles are effective catalysts for Heck coupling between 1,1-

Figure 3. Magnetic-nanoparticle-supported ultrafine Pd particles as
ACHTUNGTRENNUNGcatalyst.[19] DMF=N,N-dimethylformamide.
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and 1,2-disubstituted alkenes, such as trans-ethyl cinnamate,
n-butyl methacrylate, and a-methylstyrene, and aryl bro-
mides to produce trisubstituted alkenes and their isomers
(Table 1).[87,88,89] In the cases discussed, tetrabutylammonium

acetate plays an important role in both catalyst formation
and stereospecificity.

3.3.3. Carbene Cycloaddition, Vinyl Esterification, and
Alkylation

Beside the above well-studied reactions, Pd0 nanoparticles
are also known to be effective catalysts for carbene cycload-
dition, vinyl esterification, and alkylation. Ultrasmall
ACHTUNGTRENNUNG(<1 nm) Pd0 particles were produced from the reduction of
Pd ACHTUNGTRENNUNG(OAc)2 in the presence of diazomethane.[90] These Pd0

particles are active catalysts for the cyclopropanation of cy-
clohexenone by diazomethane.[90] Silica-supported Pd0 parti-
cles with an average size of 10 nm in diameter were pre-
pared by hydrogen reduction of [PdCl4]

2� precursors. The
catalyst is reported to be active for the synthesis of vinyl
acetate from ethylene and acetic acid in the presence of
oxygen.[91] Another example with regard to the use of Pd0

nanoparticles in C�C formation is the catalytic asymmetric
allylic alkylation reaction. In this case, the chiral xylofurano-
side diphosphite (L*) stabilized Pd0 particles with an aver-
age size of around 4 nm were prepared by reaction of [Pd2

ACHTUNGTRENNUNG(dba)3] (dba=dibenzylideneacetone) with hydrogen at room
temperature in a solution of THF containing the chiral
ligand. In the presence of KOAc and N,O-bis(trimethylsily-
l)acetamide in dichloromethane, the chiral-ligand-stabilized
Pd0 nanoparticle catalysts revealed a high selectivity to the
(S)-3-(dimethyl malonate)-1,3-diphenyl-1-propene product
in the reaction of rac-3-acetoxy-1,3-diphenyl-1-propene with
dimethyl malonate. The S product was formed with conver-
sions as high as 55% and around 97% ee after 24 h at room
temperature by using a Pd/L*/substrate ratio of 1:0.2:100
(Scheme 3).[92] The reaction primarily proceeded with one
substrate enantiomer, thus demonstrating a high degree of
kinetic resolution in this system. As opposed to the homoge-
neous-catalyst processes, the Pd0 nanoparticle catalyst
system excels in being recyclable and easily extracted from
the reaction solution.[93]

3.4. Redox Reactions

Selective catalysts are important for both partial oxidation
of organic molecules and total oxidation of inorganic com-
pounds. Ru0 nanoparticles with an average diameter of
around 4 nm were prepared by reduction at 150 8C of
RuCl3·xH2O in 1,2-propanediol in the presence of sodium
acetate.[94] The Ru0 nanoparticles had been successfully im-
mobilized onto calcium hydroxyapatite by treating the Ru0

colloidal solution with calcium hydroxyapatite. The support-
ed Ru0 nanoparticles were highly efficient for cis dihydroxy-
lation of ethyl trans-cinnamate and oxidative cleavage of al-
kenes to produce aldehydes (Scheme 4).[94] Nanostructured-

polymer-supported Pt0 nanoparticles are highly effective for
the oxidation of alcohols. In the presence of oxygen with the
Pt0 nanoparticle catalyst, l-sorbose was oxidized to 2-keto-
l-gulonic acid with conversions of 73–80% and selectivities
of 75–94%.[54]

In polymer-electrolyte fuel cells, the purification of hydro-
gen by the preferential catalytic oxidation of CO at low tem-
peratures is an important practical process. It was reported
that Pt0 nanoparticles (�2.5 nm) supported on mesoporous
silica (FSM-16) gave unprecedented selectivity (95% CO
conversion) and durability (within 96 h) in the preferential
oxidation of CO below 423 K.[95] By using the isotopic tracer
technique in IR spectroscopy, it was found that gas-phase
O2 is not directly utilized for the CO oxidation; rather,
oxygen atoms of the mesoporous silica are incorporated into
CO2. These results suggest that CO oxidation is promoted
by the attack of the surface OH groups onto CO adsorbed
on Pt without the formation of water (Figure 4).[95] In some
oxidation processes, Pt0 and Pd0 nanoparticles have been
synthesized by the combustion method and were shown to
have higher catalytic activities. For the CO+O2 reaction,
100% CO conversion occurred below 300 8C over a-Al2O3-
supported Pt0, Pd0, and Ag0 nanoparticles with average sizes
of 7, 12, and 20 nm, respectively, whereas 90% conversion
was observed over Au0 (�15 nm) at 450 8C.[96] Similarly, for
the removal of NO, which is an important aspect of the pu-

Table 1. Arylaton of trans cinnamates.[87]

Catalyst t [h] Yield [%] E/Z

7 97 59:41

Pd ACHTUNGTRENNUNG(OAc)2/PPh3 15 95 58:42
Pd0 nanoparticles (2–6 nm) 1 95 <99:1

Scheme 3. An example of asymmetric alkylation.[92] BSA=N,O-bis(tri-
ACHTUNGTRENNUNGmethylsilyl)acetamide.

Scheme 4. Partial oxidation of C=C bonds.[94]
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rification of industrial exhaust gases, 100% NO conversion
was seen over 1% Pd/Al2O3 and 1% Pt/Al2O3 below 400 8C
for the NO+CO reaction. Approximately 90% NO was
converted into N2 above 650 8C by using 1% Ag/Al2O3 and
1% Au/Al2O3.

[96] On the other hand, NO was selectively re-
duced by CH4 to N2, COx, H2, and H2O over g-Al2O3-sup-
ported Ru0 nanoparticles.[97] The amount of methane con-
sumed increased with increasing temperature. When small
particles of Ru0 (average size 4.8–7.6 nm) were used as cata-
lysts, as the reaction temperature was raised from 450 to
600 8C, the concentrations of H2 and CO increased from
0.16 to 0.42% and from 0.2 to 0.86%, respectively. In con-
trast, the concentrations of CO2 and H2O decreased with in-
creasing reaction temperature. However, with larger Ru
nanoparticles (average size 5 nm), CH4 was selectively oxi-
dized by NO to CO2 and H2O at 450 8C.[97]

G8-10NP catalysts also play an important role in fuel-cell
catalysis. Direct-oxidation methanol fuel cells have many ad-
vantages over other energy-generating devices, such as high
efficiency of energy conversion, benign environmental ef-
fects, high energy densities, and availability of the fuel. With
Ru0-decorated Pt0 nanoparticles, the obtained Pt0/Ru0 cata-
lyst containing a Ru packing density of 0.4–0.5 was twice as
active as the commercial 50:50 Pt/Ru alloy catalyst.[98] This
result is considered to be consistent with the “ensemble
effect”, because on the decorated surface there is a static/dy-
namic distribution of island sizes that leaves enough room
for ensemble availability. Another advantage is the maximi-
zation of Ru edge sites to secure the most effective CO re-
moval. Well-dispersed Pt0/Ru0 nanoparticles with 2–3-nm di-
ameters supported on MWCNTs exhibited a higher MeOH
oxidization current of 26 mWmg�1, and thus a higher perfor-
mance, for direct MeOH fuel cells.[99] Under the same condi-
tions, a current power of around 21 mWmg�1 was produced
by using a commercially available E-TEK Pt–Ru/C cata-
lyst.[99]

Another well-developed fuel cell is the proton-exchange-
membrane fuel cell, also known as the polymer-electrolyte-
membrane fuel cell. The distinguishing advantages of this

type of fuel cell include lower operating temperatures and
pressure ranges. However, a special polymer-electrolyte
membrane is required. It is well-known that the perfor-
mance of catalysts can be improved by producing a high
loading of nanosized particles with uniform distributions
over large-surface-area carbon supports.[25] Carbon-support-
ed Pt nanoparticles with an average size of 2.8 nm and a
high loading of 39.5 wt% can be produced. As catalysts for
fuel cells, it was found that, by operating in ambient O2 at
70 8C, this system can deliver a high performance of more
than 0.6 V at 1.44 Acm�2.[100] Monodispersed Pt0 nanoparti-
cle (2–3 nm) catalysts supported on MWCNTs can also im-
prove the power performance of polymer-electrolyte-mem-
brane fuel cells. The power density (mWcm�2) of such fuel
cells fabricated by electrophoretic deposition of Pt0 nanopar-
ticles supported on MWCNTs was increased by approxi-
mately 36% compared to the same Pt loading
(0.16 (mg Pt)cm�2) of Pt/C nanocatalysts.[101] Furthermore,
g-Al2O3-supported Ru0 nanoparticles with an average size of
5 nm revealed unusually high activity for ammonia synthesis
from hydrogen and nitrogen.[16,102]

Another important, well-developed application is the
direct formation of hydrogen peroxide (H2 +O2!H2O2) cat-
alyzed by G8-10NPs. H2O2 can be used in countless applica-
tions owing to its controlled, yet adaptable, stability. The hy-
drogen peroxide market has an annual world production of
3 million metric tons, and demand is growing at a steady
pace of around 4% annually.[103] Currently, hydrogen perox-
ide is produced on a large scale by the anthraquinone oxida-
tion process with a high yield per cycle.[104] However, many
disadvantages exist in the current process, such as side reac-
tions and complicated purification technology, so this route
is not considered a green method. Thus, novel, cleaner
methods for the direct catalytic synthesis of hydrogen perox-
ide from hydrogen and oxygen are highly desired with
regard to minimizing operating costs. In recent research, Pd0

nanoparticles with average diameters of around 5 nm sup-
ported on resins functionalized with SO3H groups demon-
strated high catalytic performance with 46% yield.[105] This
catalyst system is very stable and reusable.[105] The use of a
multichannel microchemical reactor with a packed-bed cata-
lyst such as Pd/Al2O3, Pd/SiO2, or Pd/C may improve the im-
plementation of this chemically simple and environmentally
benign direct synthetic process.[106] Interestingly, by using su-
percritical CO2 as the reaction medium, H2O2 could also be
synthesized directly from O2 and H2 over Pd- or Pt-loaded
titanium silicate in high yields of up to 31.7% with an H2O2

selectivity of 56.1%.[107]

3.5. Isotope-Exchange Reactions

Boron neutron-capture therapy (BNCT) is based on the nu-
clear reaction that occurs when 10B is irradiated with low-
energy thermal neutrons to yield high-linear-energy-transfer
alpha particles and recoiling 7Li nuclei.[108,109] Clinical inter-
est in BNCT has focused primarily on the treatment of high-
grade gliomas and either cutaneous primaries or cerebral

Figure 4. Preferential oxidation over Pt/FSM-16.[95]
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metastases of melanoma, as well as head, neck, and liver
tumors more recently.[110]

Over the past 20 years, various boron delivery agents
have been designed and synthesized. However, to date,
there is no single boron delivery agent that fulfils all the cri-
teria of high tumor boron concentration, high selectivity to-
wards tumor cells, and low toxicity. One of the problems is
that only the 10B isotope, which is of minor abundance
ACHTUNGTRENNUNG(�20%), is therapeutically effective. To reach higher 10B
concentrations in the tumors, 10B-enriched compounds are
needed; thus, the search for convenient and effective meth-
ods of preparing such compounds is an extremely important
area of both pharmacological and academic research inter-
ests. Decaborane(14) (B10H14) is one of the most useful pre-
cursor boron hydrides in the synthesis of high-boron-con-
taining compounds. We developed a catalytic isotope-ex-
change method to prepare 10B-enriched decaborane(14).[18]

Well-dispersed Ru0 nanoparticles were successfully prepared
by a reduction reaction of the precursor [CpRuC-
p*RuCp*]PF6 stabilized in the ionic-liquid agent trihexylte-
tradecylphosphonium dodecylbenzenesulfonate. The result-
ing Ru0 nanoparticles were shown to catalyze the isotope-
exchange reaction between 10B-enriched diborane and natu-
rally abundant B10H14 to produce highly 10B-enriched
ACHTUNGTRENNUNG(�90%) decaborane(14) products (Figure 5).

As with the homogeneous catalyst system [Cp*(PMe3)Ir(Me)-
(CH2Cl2)][BArf] ([BArf]= [B{3,5-C6H3-(CF3)2}4]),

[111] active-
carbon-supported Pd0 nanoparticles are efficacious for the
catalytic isotope exchange between H2 and D2O in situ to
produce D2 gas. The nearly pure D2 gas can be used to pro-
duce deuterated substrates that contain reducible functional-
ities within the molecules.[112] Besides Pd0 nanoparticles, high
performances for H/D isotope exchange were also found by
using Pt, Rh, Co, and Ni nanoparticle catalysts, and the de-
tailed preparative applications of the H/D-exchange reaction
was reviewed recently.[113]

4. Summary and Perspectives

In conclusion, in research into metal-nanoparticle-based cat-
alysis, the preparation and stabilization of nanoparticles
with controlled size and composition, such as alloys or core–
shell particles, are of great interest and provide significant
challenges. Changes in composition can help to control reac-
tivity in catalytic and optical applications.[114] Generally, the
particle size is closely related to the exact preparation pro-
cess used. With regard to activity alone, in most cases metal-
lic-nanoparticle-derived catalysts cannot yet compete with

homogeneous catalysts. However, with the great advance-
ments in nanotechnology in modern science, the need for
environmentally benign catalysts, and the economic consid-
erations of the future, the field of G8-10NP catalysts is
promising and is ripe for advancement. Presently, there are
many existing novel methods of synthesizing and stabilizing
G8-10NP catalysts. Compared with conventional heteroge-
neous catalysts, G8-10NP catalysts can be more effective in
the synthesis of desired products, mainly due to their large
surface areas.[6] Even though G8-10NP catalysts are becom-
ing more and more effective, they have still not been devel-
oped adequately. Therefore, it may take decades to replace
the existing conventional catalysts with nanoparticle cata-
lysts for large-scale industrial reactions. For instance, ade-
quate size control of nanoparticles is still lacking, and only
for commonly used nanocatalysts such as Ni0 nanoparticles
has adequate research been done.[23] Furthermore, G8-
10NPs that contain stabilizers might make the materials un-
suitable for applications involving electron transfer and cat-
alysis because the stabilizers can strongly modify physical
and chemical properties.

Scale-up problems would also need to be addressed. The
synthesis should be reproducible and consistent, and the
characterization and physical properties should be stud-
ied.[57] G8-10NP catalysts have to be scaled-up effectively to
affect industrial production and further impact our society
and standard of living.[115] Even though there are studies
that indicate the validity of using G8-10NP catalysts, there
are also technical issues that need to be improved with
regard to catalyst recycling. For instance, it was found that
Pd0 nanoparticle catalysts require effective agents to remove
them from the reaction solutions.[116] These reagents might
be as harmful and expensive as those required to remove
homogenous complexes from the reaction mixture, thus
eliminating any advantage in catalyst removal of nanoparti-
cles over homogeneous catalysts. There are still many as-
yet-unknown effects and incompatibilities of the use of
metal-nanoparticle catalysts, therefore, more research and
evaluation must be done to improve this breakthrough catal-
ysis technology further.
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