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Heterometallic nanoparticles (NPs) have been emerging as a type of important catalyst. Bimetallic NPs
with alloyed and core-shell structures have higher activities than monometallic counterparts in

catalysis due to the synergistic effects between the two metals. Compared to the straightforward

synthesis of bimetallic alloy NPs, the preparation strategies for bimetallic core—shell NPs are flexible

and diversified. In addition, synergistic catalysis over trimetallic and multimetallic NPs has also
received considerable interest in recent years. In this feature article, we provide an overview of the
recent developments of heterometallic NPs for improved catalytic performance.

1. Introduction

Metallic nanoparticles (NPs) or clusters, aggregates of several to
millions atoms, have been emerging as a new type of important
functional material.’ They exhibit distinct properties (optical,
electronic, magnetic, and so on) from those of individual atoms
or their bulk counterparts due to the quantum-size and surface
effects. More importantly, the properties are usually size- and
structure-dependent, which have attracted tremendous research
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attention from either basic science or application viewpoints
during the last two decades.””®

Heterometallic NPs composed of two or more metal elements
with various nanostructures (alloy/intermetallics, core-shell,
heterostructure, etc.) via different synthesis approaches have
presented improved physical and chemical properties compared
to their monometallic NPs in many fields, especially in catal-
ysis.!®!! Since the properties of the catalyst surfaces are closely
correlated with the catalytic activities, the precise modification of
the catalyst surface by introducing another component or
changing the morphology could facilitate the controlled tuning
of the catalytic properties. In addition, for core—shell structured
heterometallic NPs with the same shell composition, their cata-
lytic activity can also be changed with the core metal due to the

Huai-Long Jiang was born in
Anhui, P. R. China in 1981. He
graduated from Anhui Normal
University (2003) and obtained
his PhD degree in inorganic
chemistry from Fujian Institute
of Research on the Structure of
Matter, Chinese Academy of
Sciences (CAS) in 2008 under
the supervision of Prof. Jiang-
Gao Mao. He then joined Prof.
Qiang Xu's group at AIST as
a postdoctoral  fellow  and
became a JSPS (Japan Society
for the Promotion of Science)
fellow in 2009. He is currently
interested in the development of porous materials and nano-

Hai-Long Jiang

structured materials for applications in catalysis, separation,
sensing and hydrogen storage.

Qiang Xu received his PhD
degree in physical chemistry in
1994 at Osaka University,
Japan. After one year working
as a postdoctoral fellow at
Osaka University, he started his
career as a Research Scientist at
Osaka National Research Insti-
tute in 1995. Currently, he is
a Senior Research Scientist at
National Institute of Advanced
Industrial Science and Tech-
nology (AIST, Japan), adjunct
professor at Kobe University,
and fellow of Royal Society of
Chemistry (FRSC). His
research interests include porous materials and nanostructured
materials and related functional applications, especially for clean
energy. He has published more than 200 papers in refereed
Jjournals.

Qiang Xu

This journal is © The Royal Society of Chemistry 2011

J. Mater. Chem., 2011, 21, 13705-13725 | 13705


http://dx.doi.org/10.1039/c1jm12020d
http://pubs.rsc.org/en/journals/journal/JM
http://pubs.rsc.org/en/journals/journal/JM?issueid=JM021036

Downloaded by University of Science and Technology of China on 06/05/2013 14:52:51.

Published on 08 August 2011 on http://pubs.rsc.org | doi:10.1039/C1JM 12020D

View Article Online

so-called ligand effect. Therefore, the catalytic activity in catal-
ysis can be well-tuned by combining two or more metals with
various nanostructures. First principles studies have indicated
the synergistic effect on the performance of heterometallic
nanocatalysts is subject to surface electronic states, which are
greatly altered by the change of catalysts for geometric param-
eters, particularly related to local strain and effective atomic
coordination number at the surface.'>*

In recent years, great progress has been made and many
examples have been reported in the preparation and synergistic
catalysis of heterometallic NPs with the great efforts of
researchers all over the world. In this feature article, we provide
an overview of the recent developments of synergistic catalysis
over experimental heterometallic NPs mostly based on the
following three aspects: synergistic catalysis over bimetallic alloy
NPs, preparation and synergistic catalytic effects of bimetallic
core-shell NPs, as well as trimetallic and multimetallic NPs. Due
to the large amount of reports on bi-/multi-metallic NPs and
journal space limitations, we have only focused on experimental
studies for the heterometallic NPs with catalytic synergy in the
last 5-6 years. It should be noted here that some catalysts have
not been defined to be alloyed or core-shell nanostructures,
which we have also reviewed and marked with “undefined
structure” due to the demonstrated synergistic catalysis between
the metal species. In the last section, we will briefly discuss the
current results progress, expected improvements and future
outlook in this research area.

2. Synergistic catalysis over bimetallic alloy NPs

The chemical and physical properties of alloy NPs can be well
tuned by varying the size, composition and atomic ordering.
Generally speaking, alloy materials have distinct binding prop-
erties with reactants in contrast to those for monometallic metal
catalysts. The strong metal-metal interactions tune the bonding
between the catalyst surfaces and the reactants, where the extra
stabilization of the transition state on the alloy catalysts in
comparison to the corresponding interaction on the mono-
metallic catalyst surface is an additional benefit. Usually,
impregnation/co-reduction with a relatively strong reducing
agent can be used for the preparation of bimetallic alloy NPs.
The method is used in the synthesis of monometallic NPs but two
metal precursors are co-introduced for bimetallic NPs. We
classify and discuss the synergistic catalysis over plentiful
nanoalloys according to their compositions as follows.

2.1 Alloy NPs involving two noble metals

Catalysis over Au-Pd alloy NPs has received the most attention
among noble metal nanoalloys. Prati, Su and coworkers have
systematically studied the selective oxidation catalysis over Au-Pd
NPs obtained by a two-step procedure.'>2° The bimetallic Au-M/C
(M = Pd, Pt) catalyst (undefined Au-M structure) showed strong
synergistic effect for liquid-phase oxidation of D-sorbitol in water
using oxygen as oxidant, which produced not only a significant
increase of reaction rate but also a system more resistant to oxygen
poisoning allowing it to work under a moderate pressure.** In order
to avoid the segregation of metal, the authors first immobilized
a preformed Au sol (using BH, ™ as reductant) on activated carbon

(AC), and then the Pd sol was generated in the presence of Au/AC
using H, as the second reducing agent instead of NaBH, which
usually led to Pd segregation. Slowing down the reduction rate of
the Pd salt was regarded as the key to avoid Pd segregation or
homogenous nucleation. Single phase bimetallic Au-Pd/AC
showed high activity attributed to the synergistic effect between Au
and Pd in the selective liquid-phase oxidation of glycerol towards
glycerate using oxygen as the oxidant (Fig. 1). The strong syner-
gistic effect was present in a large range of Au/Pd ratio, being
maximized for the Augy—Pd;ocomposition. In addition, the Au—Pd/
AC catalyst exhibited a prolonged catalyst life although a small,
inhomogeneous Pd leaching could be observed.'*** The Au-Pd
alloys supported on AC with Au—Pd compositions ranging from
90 : 10 to 60 : 40 are also very active in the liquid-phase oxidation
of alcohols such as benzylic alcohol, cinnamyl alcohol, octenol and
octanol, confirming the high synergistic effect of the alloy. The
addition of a base increases the activity of all catalysts with various
Au/Pd ratios, and the extent of the enhancement is dependent on
the nature of the alcohol to be oxidized and on the Au/Pd ratio.*®
Hutchings and coworkers have prepared Au-Pd alloy NPs with
different methods which showed pronounced synergistic effects in
redox catalysis.?* By applying ZSM-5, zeolite B, zeolite Y, TS-1
and TiO, as supports for Au and Au—Pd NPs toward solvent-free
oxidation of benzyl alcohol with oxygen, it was found that zeolite
B was the best support for Au catalysts and the conversions were
comparable to or better than those with TiO,. However, the
selectivities observed with the acidic zeolites were lower than those
with the non-acidic TS-1 and TiO,. The Au—Pd/zeolite-Y showed
improved activity without significantly affecting the selectivity
compared to the Au and Pd catalysts.?! For the same reaction, the
bimetallic Au—Pd NPs supported on CeO, was considerably more
active than monometallic catalysts containing Au or Pd only. They
adopted an antisolvent precipitation technique using supercritical
CO, to prepare CeO, support for Au—Pd NPs, which was much
more active than that prepared using a CeO, support derived from
the acetate through a non-supercritical synthesis route.?* The
zeolite supported Au-Pd catalysts gave the highest activity for
direct synthesis of hydrogen peroxide from H, and O, compared to
supported Au, Au-Ru, Au-Rh and even Au-Pt catalysts prepared
using a similar impregnation method.?* Xing and coworkers have
demonstrated that Au-Pd NPs have a unique characteristic to
catalyze the decomposition of liquid formic acid for dramatically
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Fig. 1 Selective oxidation of glycerol with mono and bimetallic cata-
lysts. Reaction conditions: water 10 ml, 0.3 M glycerol, glycerol/M =
3000, NaOH/glycerol = 4, T'= 50 °C, P, = 3 atm. Inset: TEM image of
fresh 1 wt% Pd-Au/AC catalyst. Scale bar: 20 nm. Adapted with
permission from ref. 17. Copyright 2007, Elsevier.
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and steadily evolving high-quality hydrogen at convenient
temperature, the steady reaction activity of which is the highest
among the investigated four catalysts (Pd/C, Pd-M/C, M = Cu,
Ag, Au).?* Recently, they have prepared an Au-Pd@Au core-shell
nanostructure with Au—Pd alloy as the core supported on carbon.
The catalyst possesses superior and stable activity as well as high
selectivity at low temperature in hydrogen generation from formic
acid decomposition. The reforming gas from formic acid decom-
position contains only 30 ppm of CO and can be used directly in fuel
cells. In contrast, there is a distinct deactivation effect after only 10
min for the Pd/C catalyst probably due to the formation of
poisoning intermediates on the catalyst surface as the decomposi-
tion reaction goes on, although it is active for the decomposition
reaction at the beginning. For Au/C catalyst, the catalytic activity is
very low although the deactivation phenomenon was not
observed.?® Bimetallic PdAu alloy and core-shell NPs have been
encapsulated into dendrimers, respectively by simultaneous and
sequential metal loading/reduction. The catalytic hydrogenation of
allyl alcohol was significantly enhanced in the presence of the alloy
and core-shell PdAu NPs as compared to mixtures of mono-
metallic NPs.?® PVP-stabilized Au-Pd NPs (undefined Au-Pd
structure) have been examined as catalysts for the oxidation of
benzyl alcohol, 1-butanol, 2-butanol, 2-buten-1-ol and 1,4-buta-
nediol in aqueous solution under mild conditions. It was found that
Au-Pd NPs with Au/Pd ratio of 1 : 3 had higher catalytic activities
than Au, Pd and other bimetallic Au-Pd NPs, and that the selec-
tivities towards specific products can also be tuned using bimetallic
NPs.?” Silicon nanowires (Si NWs) were also used for supporting
Au-Pd NPs (undefined Au—Pd structure) and the resultant Au-Pd/
Si NWs exhibited the mutual promotional effect for the degrada-
tion of p-nitroaniline (p-NA) compared to Au/Si NWs and Pd/Si
NWs. The synergistic effect factor was calculated as 2.35 and the
Au-Pd/Si NW catalysts can be recycled and the catalytic rate only
decreased by 20% after recycling for 4 times.?® To maximize the
interactions between the metallic precursor(s) and the activated
carbon support in aqueous solution, Hermans et al. have studied
the adsorption of Au and Pd species on activated carbon SX PLUS
in order to prepare Au-Pd/C catalysts. The Au—Pd/C catalysts have
been employed for the selective oxidation of glucose and exhibited
higher activity than their monometallic counterparts, indicating
a synergistic effect between the two metals.? A facile and fast
microwave irradiation (MWI) method has been developed to
prepare selected nanoalloys supported on ceria NPs for CO
oxidation. The method allowed the passivation of the nanocrystals
by using a mixture of oleylamine and oleic acid. High activity and
thermal stability were observed for the nanoalloys according to the
order CuPd > CuRh > AuPd > AuRh > PtRh > PdRh > AuPt.*
The Pd NPs were immobilized on highly cross-linked polymer
microspheres (PDVB-IL) without further surface modification of
the polymer support. The loaded Pd NPs were nearly mono-
dispersed and had high catalytic activity for cyclohexene hydro-
genation reaction. Furthermore, the immobilized Pd NPs can be
used as the seeds to prepare PDVB-IL-Pd/Au composites (unde-
fined Au-Pd structure) by a seeding growth method. The Pd and
Au in the composites have excellent synergy for catalyzing hydro-
genation of cyclohexene.*!

Mou, Zhang and colleagues have a series of reports on
synergistic effect of bimetallic Au-Ag alloy nanocatalysts in CO
oxidation.?>3¢ The Au-Ag alloy NPs supported on mesoporous

aluminosilicate, designated as Au-Ag@MCM, were prepared by
one-pot synthesis using CTAB as both a stabilizing agent for NPs
and a template for the formation of the mesoporous structure.
The Au-Ag alloy NPs have larger particle sizes (>30 nm)
whereas they exhibited much higher catalytic activity than Au
NPs (~6.7 nm) in CO oxidation, which reveals that the size effect
is not a critical factor whereas Ag is believed to play a key role in
the activation of oxygen. The activity varies with the Au/Ag
molar ratios and attains the best conversion when Au/Agis 3 : 1.
The reaction rate can reach 8.7 x 10-° mol g., ' s™' at an Au/Ag
molar ratio of 3/1 even at a low temperature of 250 K. The strong
synergism in the co-adsorption of CO and O, on Au—Ag NPs was
regarded as the crucial factor for the observed synergetic effect in
catalysis.?*>* Afterwards, they used silane APTS [H,N(CH,);-Si
(OMe);] to functionalize the surface of mesoporous silica before
adsorbing the gold precursor AuCly~ and silver precursor
AgNOs; to afford Au—Ag bimetallic NPs inside the nanochannels
after reduction. As compared with the previously reported
Au-Ag@MCM prepared by a one-pot procedure, 4-6 nm
bimetallic Au—Ag NPs were obtained via this two-step method.
The small Au-Ag NPs exhibited higher activity in catalysis in the
low-temperature CO oxidation with high stability and the cata-
lyst was resistant to moisture over a long storage time. In addi-
tion, a synergetic effect in relative Au—Ag composition was also
found.** In another report, they also adopted a two-step
approach to prepare bimetallic Au—Ag NPs (Fig. 2). The Au NPs
were first formed on amino-functionalized silica or alumina
support, and then specific NPs were obtained with Au-Ag alloy
core and Ag shell structure upon Ag* adsorption and reduction
by NaBH,. The obtained NPs were found to be highly thermally
stable, and their sizes remain substantially unchanged (~3 nm)
even upon calcination in air at 500 °C. After the final reduction
with H,, randomly distributed AuAg alloy NPs were obtained,
which were very active toward CO catalytic oxidation, even
superior to Au/TiO,. The catalytic activities of Au-Ag/SiO,
nanocomposites were dependent on Au/Ag ratio and much
higher than Au/SiO, and Ag/SiO, catalysts.*
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Fig. 2 Schematic illustration of preparation procedure for SiO, sup-
ported Au-Ag alloy NPs and HRTEM image as well as CO oxidation
conversion of Au-Ag/SiO, (Au/Ag = 1/1). Gold NPs are formed on
amino-functionalized silica, followed by Ag* adsorption. Upon reduction
of Ag* by NaBH,, NPs with a Au-Ag alloy core and a Ag shell are
formed. These bimetallic NPs are highly stable up to 500 °C and further
treatment via H, reduction results in a randomly distributed Au-Ag
alloy, which is highly active for CO oxidation. Reproduced with
permission from ref. 36. Copyright 2009, American Chemical Society.
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Sun et al. have grown Ag nanoplates on GaAs substrates,
where Ag was easily oxidized in ambient environments, resulting
in the limitation of the potential applications of the nanoplates.
They converted the Ag nanoplates on GaAs substrates into
chemically stable nanoplates made of Au—Ag alloys. As a result,
the alloy nanoplates retained the out-of-substrate orientation
and highly exposed their surfaces to surrounding solutions,
which were more resistant to oxidation and highly efficient for
catalyzing the reduction of 4-nitrophenol with NaBH,.*” Wang
et al. reported a one-pot synthesis of monodisperse AuAg alloy
NPs with controlled compositions by simultaneous reduction of
Au and Ag precursors in an organic solution with oleylamine as
surfactant. The oleylamine was readily removed, leaving AuAg
NPs that were catalytically active for CO oxidation. The
composition-dependent catalytic activities revealed that the alloy
NPs supported on fumed SiO, with Au/Ag ratio close to 1/1 had
the highest activity in the CO oxidation.?®

Currently, polymer electrolyte membrane (PEM) fuel cells are
mostly based on expensive Pt-based electrocatalysts. Due to the
limited supply of Pt and its susceptibility to poisoning by oxida-
tion products, research endeavors have been focused on reducing
or eliminating the Pt in fuel cell catalysts and increasing the
resistance to poisoning. Lowering the quantity of Pt by alloying
with another affordable metal (such as Au, Ru, Pd, etc.) is an
alternative approach to solve this difficulty.’*** Tang et al. have
investigated the electrocatalytic activity of electrochemically
synthesized Au-Pt clusters deposited on fluorinated tin oxide
(FTO) and carbon disk substrates in acidic and alkaline electro-
lytes. Both methanol oxidation reaction (MOR) and the oxygen
reduction reaction (ORR) results showed that Pt could be
partially substituted by Au to achieve higher resistance to
poisoning without affecting the activity in acid electrolyte, while
a significant overall improvement in performance was observed in
alkaline environment, owing to a synergistic effect between Au
and Pt.*° The Au-modified Pt and Pt-modified Au electrodes were
constructed and the surfaces were modified by the electrodeposi-
tion of sub-monolayers. Both types of Pt—Au surfaces were found
to be more active for formic acid oxidation compared to bare Pt,
showing the maximum activity at Pt fraction between 0.15 and
0.25 with the enhancement factor of more than two orders of
magnitude.*' Recently, Zhang ef al. have prepared Au-Pt alloy
NPs on graphene with uniform dispersion via a polyelectrolyte-
assisted process. The resultant Au—Pt/graphene exhibited higher
electrocatalytic activity and stability than Au-Pt/C and
commercial Etek-Pt/C catalysts for formic acid oxidation.** The
carbon supported Pt—Ru alloy NPs have been produced with poly
(amidoamine) dendrimers (PAMAM) as a protective ligand in
solution, which hinders particle sintering during activation at high
temperature in H,, and promotes the formation of highly disperse,
bimetallic Pt-Ru NPs. It has been found that the catalyst with
Pt/Ru ratio of 1 : 1 gave the best performance for MOR among
Ru contents from 1 to 50 mol%.** The Pt,Pd; _,/C nanocatalysts
with various Pt/Pd atomic ratios (x = 0.25, 0.5, 0.75) have been
synthesized by using a borohydride-reduction method. Rotating-
disk electrode measurements revealed that the Pt;Pd;/C nano-
catalyst had a synergistic effect on the ORR, showing 50%
enhancement, and an antagonistic effect on the MOR, showing
90% reduction, compared to commercial JM 20 Pt/C on a mass
basis. It was found that the ORR activity strongly depended on

the Pt d-band vacancies and extent of alloying. A decrease in Pt d-
band vacancy facilitates O-O scission, and thus enhances the
ORR activity.** Nilekar et al. have deposited the Pt monolayers on
different late-transition metals (Au, Pd, Ir, Rh, Ru), in which a Pd-
supported Pt monolayer showed the highest ORR activity. Then
they decreased the amount of Pt by replacing part of the Pt
monolayer with a third late-transition metal (Au, Pd, Ir, Rh, Ru,
Re, or Os). Several of these mixed Pt monolayers deposited on Pd
single crystals or on carbon-supported Pd NPs exhibited up to
a 20-fold increase in ORR activity on a Pt-mass basis compared to
conventional all-Pt electrocatalysts. DFT calculations showed
that their superior activity originated from the interaction
between the Pt monolayer and the Pd substrate and from
a reduced OH coverage on Pt sites, the result of enhanced desta-
bilization of Pt-OH induced by the oxygenated third metal.*®
Liu and coworkers have prepared bimetallic Au-Pt/TiO, for
the efficient conversion of glycerol to lactic acid in high yields in
alkaline aqueous solutions, which proceeds through glyceralde-
hyde and dihydroxyacetone intermediates formed from glycerol
oxidative dehydrogenation as rate-determining step. Their results
have demonstrated that the bimetallic Au-Pt/TiO, catalysts are
stable and recyclable under the reaction conditions, which are in
sharp contrast to the monometallic Au and Pt catalysts that
showed dramatic decreases in their activities (Fig. 3).*” Prati ez al.
have examined the catalytic activities of single-phase Au-Pd and
Au-Pt on carbon supports for liquid-phase oxidation of glycerol
and n-octanol. The synergistic catalytic effect between Au and Pt/
Pd was proved to be considerable.*® Bimetallic PtM (M = Au, Cu,
Ni) alloy NPs supported on y-Fe,O3; were synthesized by
a radiolytic method by employing a 4.8 MeV electron beam to
reduce aqueous ions without using any surfactant, organic solvent
or stabilizer at room temperature. All the PtM/y-Fe,O3 nano-
composites exhibited activities higher than those of Pt/y-Fe,O;
catalysts in the CO oxidation. The correlation between the atomic
structures and the catalytic activities indicated that the random
alloy structure enhanced the activity.*® Atomic layer deposition
(ALD) was used to deposit Ru-Pt NPs with size of 1.2 nm sup-
ported on spherical alumina. Methanol decomposition reaction
has confirmed the Ru-Pt interaction and showed improved
methanol conversion over the bimetallic NPs compared to the
catalyst comprised of a mixture of pure Pt and Ru NPs with
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Fig. 3 (a) TEM image of Au-Pt/TiO, (Au/Pt = 1 : 1) before catalytic
reaction. Inset: HRTEM image with marked lattice distance. (b) Yields of
lactic acid after five reaction cycles at 363 K on Au/TiO,, Pt/TiO,, and
Au-Pt/TiO, (Au/Pt =1 : 1, 2.5 x 10~* mmol metal, 0.22 mol L' glycerol
in H,O, NaOH/glycerol = 4 : 1 (mole ratio), 1 atm O,). Adapted with
permission from ref. 47. Copyright 2010, Wiley-VCH Verlag GmbH &
Co. KGaA.
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similar loading, revealing the synergistic catalysis between Pt and
Ru in the alloy NPs.*® Yoon et al. have studied carbon nanotube
(CNT) supported metallic NPs for hydrogenation of neat benzene
and its derivatives (toluene, 1-phenyl-1-cyclohexane) at room
temperature without solvent, which cannot be achieved by
commercially available carbon-based metal catalysts. The cata-
lytic activity of the CNT-supported metallic NPs followed the
order Pd-Rh > Pt > Rh > Au > Pd. The Pd-Rh bimetallic NP
catalyst showed a strong positive synergistic effect compared to
the individual single-component metal NP catalysts in the
hydrogenation reaction.>' Cao and Veser have synthesized Pt-Rh
nanocatalysts with exceptional thermal stability via a micro-
emulsion-mediated sol-gel process. The Pt—-Rh NPs retained their
diameter at 4 nm at calcination temperatures of up to 850 °C
(Fig. 4a). This thermal stability of these NPs depends critically on
the Pt/Rh ratio, having increased thermal stability with higher Rh
content. The high thermal stability of Pt-Rh NPs has been
considered to be responsible for their excellent catalytic perfor-
mances over methane combustion. In contrast to the mono-
metallic catalysts, the bimetallic PtRh-BHA (BHA: barium
hexa-aluminate) sample not only showed enhanced activity with
ignition of the CHy/air stream at 450 °C and full CH4 conversion
around 550 °C (50-100 °C lower than those of the other samples,
Fig. 4b); most importantly, it was stable over successive ignition—
extinction cycles. Therefore, alloying Pt with Rh in the bimetallic
PtRh-BHA catalyst allowed combination of the high activity of
Pt with the thermal stability of Rh, resulting in a single nano-
structured catalyst with exceptional stability and activity.*?
Likewise, Pt is prone to agglomeration at elevated temperatures,
resulting in a decrease in the hydrogen yield, although it has long
been regarded as an efficient catalyst for decomposition of
hydrogen iodide (HI), one of the key reactions in the sulfur—iodine
(S-I) thermochemical water splitting promising for massive
hydrogen production. Studies have demonstrated that the
synergistic effect of Pt and Ir with respect to HI decomposition
was confirmed by the fact that the bimetallic Pt-Ir/C catalyst with
1 wt% and 0.77 wt%, respectively for Pt and Ir loadings showed
much higher catalytic activity and thermostability compared with
Pt/C and Ir/C catalysts.**

Hollow Ag-Pd alloy NPs were prepared by a galvanic
displacement reaction, in which a small amount of Pd(NO3), was
allowed to react with pre-synthesized Ag NPs as templates. The
resultant hollow Ag-Pd NPs showed better catalytic activities
than monometallic Ag and Pd NPs for electroless copper depo-
sition (ECD) and the activities can be controlled by tuning their
alloy ratios in a suitable manner.> It was reported that bimetallic
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Fig. 4 (a) TEM image for PtRh-BHA calcined in air at 850 °C. (b)
Methane conversion vs. reactor temperature in catalytic methane
oxidation with three different BHA-based catalysts. Adapted with
permission from ref. 52. Copyright 2010, Nature Publishing Group.

Ag-Rh/Al,O5 catalyst (undefined Ag-Rh structure) exhibited
higher activity (for both nitrous oxide removal and hydrocarbon
oxidation) than the monometallic counterparts for nitrous oxide
(N,O) reduction with methane and propene in the presence of
oxygen (5%), due to the synergistic effect between Ag and Rh.*
Afterwards, an ultrasound-assisted membrane reduction
(UAMR) method was developed to construct highly dispersed
Rh/y-Al,O3 and bimetallic Au-Rh/y-Al,O; catalysts. The
synergistic effect of the bimetallic system was found to improve
the performance of selective catalytic reduction of NO and
reduce the cost for Pt group metal-based catalysts. The Au-Rh/
v-Al,O5 (with alloy or core-shell structured Au-Rh NPs) cata-
lyst with 0.33 wt% Au and 0.17 wt% Rh (Mgp/Mp, = 1:1)
loadings exhibited higher propylene and NO conversions than
0.5 wt% Rh/y-Al,O3 catalyst and stronger NO adsorption
capability and formation of surface nitrates have been confirmed
over AuRh/y-Al,O; catalysts in NO-TPD experiments.*¢

2.2 Alloy NPs combining noble and non-noble metals

Many reports have indicated that alloying Pt with another non-
noble metal can not only lower the cost but also effectively
improve the catalytic properties of Pt NPs.**"7 Bimetallic
Pt-Ni NPs (undefined Pt-Ni structure) containing 0.5 wt% Pt
and 20 wt% Ni have been prepared on activated carbon cloth
(ACC) support for dehydrogenation of cyclohexane to benzene.
The synergistic effect between Pt and Ni was obvious: the
hydrogen production was enhanced by ca. 1.5 times as compared
to the 20 wt% Ni-only catalyst and ca. 60 times higher hydrogen
production rates as compared to 0.5 wt% Pt catalyst.” The
Pt-Ni/HBEA (undefined Pt-Ni structure) catalyst prepared by
ion exchange with simultaneous addition of Pt and Ni
also showed the higher conversion and selectivity than Pt and
Ni/HBEA in the reaction of n-hexane hydroisomerization,
revealing the synergistic effect.’® Silica supported Pt-Ni alloy
NPs with a Pt/Ni ratio of 11/9 synthesized by the co-impregna-
tion technique were more active than both pure monometallic
catalysts in the catalytic hydrogenation of benzene. Surface
segregation of Pt on the alloys as proven by XPS was regarded to
contribute to this enhanced activity. However, Pt-Ni/SiO,
prepared via a step-impregnated method showed lower catalytic
reactivity than a pure Pt catalyst.’® Our group has prepared
Pt-Ni bimetallic nanocatalysts with a Pt content as low as 7 mol%
by the co-reduction of the corresponding metal chlorides which
exhibited excellent catalytic activity to the decomposition of
hydrous hydrazine, producing hydrogen with a 100% selectivity
at room temperature, whereas the corresponding single-compo-
nent Niand Pt counterparts were totally inactive for this reaction
(Fig. 5).%° Catalytic non-oxidative methane transformations into
higher hydrocarbons over bimetallic Pt-Co NPs (undefined
structure) supported on Al,O3; and NaY in a flow system have
been investigated. The amount of C2+ products formed over the
bimetallic catalyst were higher than that over the monometallic
samples in the two-step process, with temperature ranging from
523 to 673 K and 1 bar pressure. The synergy in the bimetallic
system can be explained by the enhanced reducibility of cobalt,
increased metal surface (higher dispersion) and the cooperation
of two types of active components (Co facilitates the chain-
growth of partially dehydrogenated species produced on Pt in
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Selectivity for H,/ %

Fig. 5 Selectivities for hydrogen generation by the decomposition of
hydrazine in aqueous solution (0.5 M) catalyzed by Ni, Pt, and Ni; Pt
(x = 0.03-0.74) nanocatalysts at room temperature (catalyst = 0.017 g;
N>H;-H>,O = 0.1 mL). The inset TEM image showing Nig¢3Pto o7
nanocatalyst after being used for the catalytic reaction. Reproduced with
permission from ref. 60. Copyright 2010, American Chemical Society.

Pt—Co bimetallic NPs).®®* Ko et al. have reported that a Pt—Co
bimetallic catalyst supported on yttria-stabilized zirconia (YSZ)
was highly efficient for preferential CO oxidation (PROX) in
a H,-rich gas stream even with a small amount of Pt (0.5 wt%) at
temperatures below 423 K. By optimizing the calcination and
reduction pre-treatment conditions for Pt—Co/YSZ, the CO
concentration can be decreased below 10 ppm in the temperature
range of 380423 K.** Highly dispersed Pt-Cu nanocrystals with
2 nm size were supported on Mg;Si,Os(OH)4 nanotubes or
CeO,, both of which showed enhanced performances compared
to pure noble metal nanocrystals with similar sizes in the CO
oxidation.®® The combination of Pt and Sn metals, giving Pt-Sn
bimetallic NPs supported on mesoporous carbon, have exhibited
considerably higher conversion and selectivity in both the
hydrogenation reaction of cinnamaldehyde to cinnamyl alcohol
and the dehydrogenation reaction of propane to propylene, for
the latter of which the presence of Sn resulting in higher Pt
dispersion and weaker adsorption affinity of hydrocarbons on
the surface Pt sites in Pt-Sn NPs may be responsible for the
superior activity, selectivity and stability.*”*® Nazar and
coworkers have described a novel, highly effective methodology
for impregnating noble metal Pt and bimetallic Pt-Bi NPs into
ordered mesoporous carbon (OMC) voids with precisely
controlled particle size (less than 3.5 nm in diameter) and ultra-
high dispersion. The method is applicable to the preparation of
other catalysts, such as Pt, Ru, Rh and Pd. The OMC-supported
PtBi nanocrystallites between 2 and 3.5 nm were investigated as
catalysts for formic acid electrooxidation. They displayed the
same absence of CO poisoning as bulk intermetallic phases. The
3 nm Pt-Bi/OMC catalyst exhibited the highest mass activity for
formic acid oxidation reported to date, under the same condi-
tions, and over double that of Pt-Au. The excellent catalytic
properties can be attributed to the successful catalyst preparation
and the faithful occurrence of the “ensemble effect” at the
nanoscale level.”

There are a couple of reports on synergistic catalytic effects
over Au—Cu alloy NPs. Liu et al. have prepared Au—Cu alloy
NPs with sizes of ~3 nm and a wide range of Au/Cu ratios on
SBA-15 and silica gel supports and the catalysts on both supports
with variational Au/Cu ratios showed superior CO oxidation

activity to a monometallic Au catalyst, demonstrating the
synergy between Au and Cu.”>”® The Au—Cu NPs in the confined
space of SBA-15 showed much better performance than mono-
metallic NPs in catalyzing CO oxidation even with the rich
presence of H,. The Au-Cu/SiO, catalyst with an Au/Cu ratio of
20/1 gave the highest activity at room temperature while its
activity showed the deepest valley with increasing reaction
temperature; with an Au/Cu ratio of 3/1, it exhibited the best
performance for PROX reaction. Hutchings and coworkers
carefully reviewed the preparation methods, characterization
techniques, theoretical studies and catalytic applications (in CO
oxidation, propene epoxidation and benzyl alcohol oxidation) of
Au-Cu alloy NPs in 2009.7* Therefore, we will not give more
details on Au—Cu nanocatalysts herein. Our group synthesized
Au-Ni NPs (undefined structure) of 3—4 nm diameter embedded
in SiO, nanospheres of around 15 nm prepared in a reversed-
micelle system, and by in situ reduction in an aqueous solution of
NaBH4/NH;BH;. Compared with monometallic Au@SiO, and
Ni@SiO,, the as-synthesized Au-Ni@SiO, catalyst showed
higher catalytic activity and better durability in the hydrolysis of
NH;BH3, a promising reaction for chemical hydrogen storage
and also an excellent test reaction for catalysis of nano-
materials,”>”7 generating a nearly stoichiometric amount of H,
(Fig. 6). During the generation of H,, the synergistic effect
between Au and Ni was apparent: the Ni species stabilized the
Au NPs and the existence of Au species improved the catalytic
activity and durability of the Ni NPs.”® Catalytic gas-phase
hydrodechlorination (HDC) of 2,4-dichlorophenol (2,4-DCP)
has been investigated over Ni/Al,O3 and Au/Al,O; prepared by
impregnation, and Au-Ni/Al,O; (undefined Au-Ni structure)
prepared by reductive deposition of Au onto Ni. The initial HDC
performance converged for both Ni/Al,0O5; and Au-Ni/Al,O3 but
diverged with time on-stream as Ni/Al,O; exhibited continual
deactivation, while the combination of reaction with thermal
treatment elevated the HDC performance of Au-Ni/Al,O3. The
enhancement of HDC efficiency was assumed to be in correlation
with the surface restructuring, which leads to Au-Ni clusters
with a narrower (or more uniform) Ni-Au composition. A
surface Ni-Au synergism was proposed whereby the Au
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Fig. 6 Hydrogen generation by the hydrolysis of NH3;BH; (0.152 M,
5 mL) in the presence of the as-synthesized Ni@SiO,, Au@SiO, and
Au-Ni@SiO, catalysts (Au/AB = 0.019, Ni/AB = 0.065) at 18 °C in air
(inset: TEM image of the as-synthesized Au-Ni@SiO, nanospheres).
Reproduced from ref. 78 with permission. Copyright 2010, Wiley-VCH
Verlag GmbH & Co. KGaA.
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component served to activate the C—Cl bond(s) with subsequent
attack from reactive hydrogen dissociated at the Ni centers.”

The y-Al,O5 supported Ag—Cu NPs (undefined structure) were
developed to catalyze glycerol to propanediols and showed
a considerable synergistic effect, had superior activity and did
not need a reduction pretreatment compared to the commercial
copper chromite catalyst. It was revealed that the addition of Ag
not only resulted in an in situ reduction of CuO, but also
improved the dispersion of the Cu species on the support. The
Ag-Cu/Al,O5 catalyst with optimal amounts of Cu and Ag
showed a near 100% selectivity to propanediols with a glycerol
conversion of about 27% under mild reaction conditions (200 °C,
1.5 MPa initial H, pressure, 10 h, (Cu + Ag)/glycerol molar ratio
of 3/100).%° A bimetallic Ag—Co/CeQ, catalyst was prepared for
simultaneous catalytic removal of NO and CO in the absence or
presence of O,. The addition of Ag on CeO, greatly improved the
catalytic activities in the lower temperature regions (=300 °C),
and the introduction of Co on CeQO, increased the activities at
higher temperatures (=250 °C). The bimetallic Ag—Co/CeO,
catalyst combined the advantages of the corresponding indi-
vidual metal supported catalysts and showed superior activity
due to the synergetic effect. NO and CO could be completely
removed in the range of 200-600 °C at a very high space velocity
of 1.2 x 10° h~'. No deactivation was observed over 4%Ag-0.4%
Co/CeO, catalyst even after 50 h test.** The metastable alloyed
Ag-Ni/SiO, catalysts (Ni + Ag = 1 wt%) were prepared by
aqueous chemical reduction with hydrazine via precipitation or
impregnation methods for gas-phase hydrogenation of benzene.
The synergistic effect between Ni and Ag led to improvement of
dispersion and reactivity of Ni in the presence of Ag for
precipitated catalysts although Ag was inactive in the reaction.®?
Our group synthesized RhyNi alloyed nanocatalysts with
a particle size of ~3 nm by alloying Rh and Ni using a co-
reduction process in the presence of hexadecyltrimethyl ammo-
nium bromide (CTAB). A synergistic effect of Rh and Ni in the
bimetallic RhyNi nanocatalyst (Rh/Ni ratio = 4:1) was
observed, over which a 100% selectivity for hydrogen generation
by complete decomposition of hydrous hydrazine was achieved
at room temperature.® Afterwards, a surfactant stabilized highly
active bimetallic Nig osIrg s alloy nanocatalyst was prepared by
alloying Ir with Ni, which also exhibited 100% H, selectivity for
complete decomposition of hydrous hydrazine at room temper-
ature. Notably, the corresponding monometallic counterparts
has poor H, selectivity (7% H, selectivity, Ir NPs; inactive, Ni
NPs), highlighting the synergy in catalysis between Ir and Ni
species.®* In addition, supported bimetallic Ru-M (M = Ni, Co,
Fe) and Pd-Co nanocatalysts have exhibited synergistic perfor-
mances in the respective catalytic reactions.®>8

2.3 Alloy NPs involving two non-noble metals

Compared to bimetallic catalysts with noble metals, non-noble
metal-based bimetallic NPs were much less studied, in which
Cu-—Ni catalysts have attracted the most interests.?** Somorjai
and coworkers have synthesized near-monodisperse Ni;_,Cu,
(x = 0.2-0.8) bimetallic nanocrystals by a one-pot thermolysis
approach in oleylamine/1-octadecene, using metal acetylaceto-
nates as precursors. The bimetallic nanocrystals deposited on
silicon wafer displayed a catalytic synergistic effect in the

hydrolysis of NaBH, to generate H, at x = 0.5 in a strongly basic
medium. The Nij sCug s nanocrystals showed the lowest activa-
tion energy and exhibited the highest H, generation rate at
298 K.* Bimetallic Cu-Ni alloy NPs dispersed homogeneously
on multi-walled carbon nanotubes (MWCNT), graphite oxide
(GO) and activated carbon (AC) have been synthesized and all
these catalysts displayed excellent catalytic activity for the direct
synthesis of dimethyl carbonate (DMC) from CH;OH and
CO,.*2 The Cu-Ni/MWCNT catalyst exhibited a conversion of
CH;OH higher than 4.3% and a selectivity of DMC higher than
85.0% under the optimal catalytic conditions of 120 °C and
around 1.2 MPa. The high catalytic activity of Cu—Ni NPs could
be attributed to the synergetic effects between Cu and Ni, Cu-Ni
alloy in the activation of CH;OH and CO,, the unique structure
of MWCNTs and the interaction between the metal NPs and the
support. For Cu-Ni/GO catalyst, the highest CH3;0H conver-
sion of 10.12% and the DMC selectivity of 90.2% were achieved
under the optimal catalytic reaction conditions of 105 °C and
1.2 MPa. Christensen and coworkers have prepared a series of
mono- and bi-metallic Fe-Ni catalysts supported on MgAl,O4
(spinel) and Al,O; (alumina) and investigated their CO metha-
nation activities. Bimetallic catalysts Fe,sNi;s and FesoNisy
showed significantly higher activities and in some cases also
higher selectivities to methane in comparison with the traditional
monometallic Ni and Fe catalysts. For the spinel support, the
catalyst Fe,sNiys was the most active at low metal loadings. With
increasing metal concentrations, the maximum methanation
activity was shifted to FesoNisp on both spinel and alumina
supports, and the maximum of the catalytic activity and the
highest selectivity to methane were observed for the sample with
20 wt% total metal loading.** The Fe;_Ni, (x =0, 0.3, 0.4, 0.5,
0.7 and 1) nano-alloys have been in situ synthesized and used as
catalysts for H, generation from the aqueous NH;BHj3 solution
under ambient conditions. The prepared nano-alloys possess Pt-
like high catalytic activity, especially for the specimen of
Fe( sNig s, with which the hydrolysis of NH3;BH; could complete
in only 2.2 min (Feq sNigs/NH3BH;3 = 0.12).°* Some reported
bimetallic alloyed nanocatalysts (involving some NPs with
undefined structure) with synergistic effects in respective catalytic
reactions are summarized in Table 1.

3. Synergistic catalysis over bimetallic core—shell
NPs

Core-shell NPs are in the frontier of advanced materials chem-
istry among the various bimetallic NPs and are of great impor-
tance and interest owing to their physical and chemical
properties that are strongly dependent on the structure of the
core, shell, and interface, and also quite different from those of
monometallic counterparts and alloys.”® This structure depen-
dence opens possibilities for tuning properties by controlling
their chemical composition and the relative sizes of the core and
shell.

3.1 Preparation strategy for bimetallic core—shell NPs

Compared to the general (one-step) straightforward synthesis of
bimetallic alloy NPs, the preparation strategy for core-shell
structured NPs is diversified and also a bit more complicated.
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Table 1 Synergistic effects in catalysis over bimetallic alloyed NPs (some NPs with undefined structure are also included)

Catalyst NP size (nm) Catalytic reaction Ref.
Au-M/AC (M = Pd, Pt) oxidation of p-sorbitol 15
Au-Pd/AC ~3 oxidation of glycerol 16-19
Au-Pd/AC ~3 oxidation of alcohol 20
Au-Pd/zeolite-Y solvent-free oxidation of benzyl alcohol 21
Au-Pd/CeO, solvent-free oxidation of benzyl alcohol 22
Au-Pd/zeolite direct synthesis of H,O, from H, and O, 23
Au-Pd/AC ~4 H, generation from formic acid 24
Au-Pd@Au/C ~16 H, generation from formic acid 25
Au-Pd@dendrimer ~2 hydrogenation of allyl alcohol 26
Au-Pd 2.54.0 oxidation of alcohol 27
Au-Pd/Si NWs 15 degradation of p-nitroaniline 28
Au-Pd/C oxidation of glucose 29
AuM (M = Pd, Rh, Pt), RhM (M = Cu, Pt, Pd) CO oxidation 30
Au-Pd/polymer microspheres 8-9 hydrogenation of cyclohexane 31
Au-Ag@MCM 20-50 CO oxidation 32-34
Au-Ag@APTS-MCM 4-6 CO oxidation 35
Au-Ag/SiO, ~3 CO oxidation 36
Au-Ag/GaAs substrate reduction of 4-nitrophenol 37
Au-Ag/SiO, 8-9 CO oxidation 38
Au-Pt/C ~3 methanol electrooxidation 39
Au-Pt clusters on FTO substrates/carbon disks MeOH electrooxidation, oxygen reduction 40
Au modified Pt or Pt modified Au electrodes formic acid oxidation 41
Au-Pt 2 methanol electrooxidation 42
Au-Pt/graphene 334+0.2 formic acid oxidation 43
G40H-Pt-Ru 3-5 methanol electrooxidation 44
Pt-Pd/C 4-6 MeOH electrooxidation, oxygen reduction 45
Pt or PtM modified Pd (M = Au, Ir, Rh, Ru, Re) oxygen reduction reaction 46
Au-Pt/TiO, 2.7-3.8 aerobic oxidation of glycerol 47
Au-M/C (M = Pd, Pt) 2.5-3.5 oxidation of glycerol and n-octanol 48
PtM/y-Fe,O3 (M = Au, Cu, Ni) 2-3 CO oxidation 49
Ru-Pt/Al,O3 1.2 methanol decomposition 50
Pd-Rh/CNT 4.6+ 1.0 hydrogenation of benzene 51
PtRh-BHA ~4 catalytic methane combustion 52
Pt-Ir/C 5.4 decomposition of hydrogen iodide 53
hollow Ag-Pd electroless copper deposition 54
Ag-Rh/AL,O3 nitrous oxide reduction with CH4 and propene 55
Au-Rh/y-AlL O3 3-7 reduction of NO by propylene 56
Pt-Ni/ACC ~9 dehydrogenation of cyclohexane to benzene 57
Pt-Ni/HBEA n-hexane hydroisomeriszation 58
Pt-Ni/SiO, 25407 hydrogenation of benzene 59
Pt-Ni ~5 decomposition of N,H,4-H,O0 to H, 60
Pt-Ni/y-AL O3 ~1.6 reduction of NO with H, 61
Pt-Ni/CB CO oxidation 62
Pt-Co/NaY methane conversion to higher hydrocarbons 63
Pt-Co/YSZ 29405 PROX in H,-rich gas stream 64
Pt-Co/CNT 1-5 hydrogenation of cinnamaldehyde to cinnamyl alcohol 65
Pt—Cu/silicate nanotube or CeO, ~2 CO oxidation 66
Pt-Sn/CX-18 hydrogenation of cinnamaldehyde to cinnamyl alcohol 67
Pt-Sn/SBA-15 10 dehydrogenation of propane to propylene 68
Pt-Bi/C ~40 oxygen reduction reaction 69
Pt-Bi/OMC <3.5 HCOOH and MeOH electrooxidation 70
Pt-Mo/y-AlL,O3 hydrodesulphurization (HDS) reaction 71
Au-Cu/SBA-15 ~3 CO oxidation 72
Au-Cu/SiO, 3.0-3.6 CO oxidation 73
Au-Ni@SiO, 34 dehydrogenation of aqueous NH3;BHj3 78
Au-Ni/Al,O4 1-30 hydrodechlorination of 2,4-dichlorophenol 79
Ag-Culy-ALLO3 hydrogenolysis of glycerol to propandediols 80
Ag-Co/CeO, conversion of NO and CO to N, and CO, 81
Ag-Ni/SiO, 8-30 gas-phase hydrogenation of benzene 82
Rh-Ni ~3 decomposition of N,H4-H,O to H, 83
Ir-Ni ~5 decomposition of N,H,4-H,0 to H, 84
Ru-Ni/SiO, hydrodechlorination of 1,2-dichloroethane 85
Ru-Fe/MgAL,O4 1-10 water-gas shift reaction 86
M-Co/SiO, (M = Rh, Ru) oxidative steam reforming of ethanol to H, 87
Ru-M/SiO, (M = Co, Fe) NO-promoted N,O decomposition 88
Ni—Cu/Si wafer ~20 hydrolysis of NaBH, to generate H, 89
Cu-Ni/MWCNT 5-30 direct synthesis of dimethyl carbonate 90
Cu-Ni/MWCNT ~25 direct synthesis of dimethyl carbonate 91
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Table 1 (Contd.)

Catalyst NP size (nm) Catalytic reaction Ref.
Cu-Ni/SiO, ~25 acetylene hydrogenation 93
Fe-Ni/MgAl,04 and Al,O3 8-12 CO methanation 94
Fe-Ni ~3 dehydrogenation of aqueous NH3;BH; 95

Herein, we would like to introduce several mostly accepted
approaches for the fabrication of bimetallic core—shell NPs.
The successive two-step reduction for core and shell NPs,
respectively, is almost universal to prepare core-shell bimetallic
NPs. The deposition of the shell metal on the pre-formed core
metal NPs seems to be very effective. To this end, however,
a second metal must be deposited on the surface of the pre-
formed particles, and the pre-formed metal NPs should be
chemically surrounded by the deposited element. Xia and
coworkers have prepared Pd@Au core-shell nanocrystals with
controlled Au shell thickness via an epitaxial growth approach.
They firstly synthesized Pd nanocubes with an average edge
length of 10 nm in an aqueous solution by reducing Na,PdCl,
with L-ascorbic acid in the presence of bromide ions as capping
agents. With the obtained Pd nanocubes as seeds, they overgrew
Pd@Au nanocrystals by reducing HAuCl, with L-ascorbic acid
in aqueous solution. The Pd cores retained their original cubic
shape during the deposition of Au shells. TEM observation
showed that the Au overlayers completely covered the main faces
of the Pd nanocubes and also the continuous lattice fringes from
the Pd core to the Au shell, indicating an epitaxial relationship
between the two metals.®” Tsuji et al. have prepared Au@Cu and
Au@Ag core-shell nanocrystals using a two-step reduction
method.”®**® The Au core seeds with different shapes were
prepared by reducing HAuCly in ethylene glycol (EG) or tetra-
ethylene glycol (TEG) under microwave heating in the presence
of PVP as a polymer surfactant. Then the Cu or Ag shells were
overgrown on the Au core seeds under oil-bath heating condi-
tions. Although a large mismatch exists in lattice constants
between Au (0.4079 nm) and Cu (0.3615 nm), the flat {111} facet
of Cu shells were grown epitaxially on {111} facets of Au cores.
Sanchez-Iglesias et al. have fabricated Au@Ag core-shell
nanostructures with controlled morphology at room temperature
through epitaxial growth of Ag onto the surface of single-crystal
Au nanorods, using hydroquinone as reduction agent for selec-
tive reduction of Ag" ions. The presence of methoxy-poly
(ethylene glycol)-thiol preferentially bound at the Au nanorod
tips seems to completely block Ag growth in the longitudinal
direction, thereby inducing a notable reshaping of the particles,
with a subsequent decrease of aspect ratio, and ultimately leading
to single-crystal octahedra, which get rounded through lamellar
twinning upon further reduction. The morphology and thus the
optical properties of these core—shell nanostructures can be finely
tuned by controlling the amount of Ag grown on the particle
surface.’® In the successive two-step reduction approach, it is
fairly difficult to obtain the core-shell NPs on the sub-10 nm
scale, especially in the absence of a stabilizer/surfactant. With the
limitation effect of the pore/surface structure of a metal-organic
framework (ZIF-8), a new type of porous functional material,'**
we have successfully fabricated Au@Ag NPs within 2-6 nm

without the help of a surfactant by a sequential deposition—
reduction route for Au and Ag. The deposition in a reverse order
for Au and Ag also produced similar core-shell nanostructures
while the shell was composed of AuAg alloy, caused by the
galvanic replacement reaction due to the differences in reduction
potentials of the two soluble metal salts (E°pgas = +0.80 eV vs.
SHE; E°pusau = +0.93 €V vs. SHE) (Scheme 1).'° The stepwise
synthesis was also employed for successful preparation of triple-
layered Pd@Au@FePt NPs, in which Pd@Au NPs served as NP
seeds for further FePt shell coating.’*®

Although the two-step reduction/epitaxial growth method is
general but a bit complicated, a one-step route for bimetallic
core-shell NPs has also been developed recently, in most of
which a suitable reducing agent for the metal cations with
differential reduction potentials is very important. Our group
reported a rational strategy for fabricating magnetically recy-
clable Au@Co core-shell NPs through the one-step seeding-
growth route at room temperature under ambient atmosphere
within a few minutes. The one-step synthetic method was ach-
ieved by exposing a mixture of Au** and Co** precursors to the
reducing agent NH;BH; simultaneously, where Co** cannot be
reduced while Au NPs can be formed first by reduction of Au®*
with NH3;BHj3; and then act as a catalyst for hydrolytic dehy-
drogenation of NH;BHj3 to afford active —H species. The pre-
formed Au NPs served as the in situ seeds and the produced

2 1) HAUC, |
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Scheme 1 Schematic illustration for the preparation routes of Au@Ag
and Au@AuAg core-shell NPs. Reproduced with permission from
ref. 102. Copyright 2011, American Chemical Society.
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Scheme 2 (a) Schematic illustration, (b) color evolution in the formation
process of Au@Co core-shell NPs via a one-step seeding-growth method
at room temperature. Reproduced with permission from ref. 104.
Copyright 2010, American Chemical Society.
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active —H species reduced Co?* for the successive growth of outer
Co shells (Scheme 2). Therefore, the basic concept of this one-
step synthesis of the Au@Co core-shell NPs is to take
advantage of the different reduction potentials of the two metal
salts (E°corico = —0.28 eV vs. SHE; E°pusjau+ = 0.93 eV vs.
SHE), where NH3BH; as a moderate reducing agent is essential.
It is worthy to note here that use of a strong reducing agent (for
example, NaBH,) will result in the formation of alloy NPs
whereas use of a very weak reducing agent (for example, alcohol)
cannot yield NPs or give only Au NPs because Co** cannot be
reduced.’® Following a similar strategy, non-noble metal-based
bimetallic core-shell NPs have also been prepared by using
NH;BHj3; as reducing agent, demonstrating the generality of this
method.'”® Wang and Li have also presented a one-pot wet
chemical route to the synthesis of Au@Co core-shell nano-
crystals and Au-Ni spindly nanostructures, in which a suitable
reducing agent, octadecylamine (ODA), is crucial for their
success. In the ODA solvent, M>* (M = Co, Ni) cannot be
reduced whereas Au** and M?* can be co-reduced based on the
following reduction mechanism: the Au** can obtain electrons
from ODA and be reduced to Au (step I). Once the Au forms, it is
surrounded by an electron cloud offered by free electrons of
other Au atoms. M?* cannot be directly reduced by either ODA
or Au, but it can be adsorbed on the surface of Au and share
a small portion of the electron cloud through its empty orbital
(step II). This causes the spherical electron cloud distribution
surrounding Au to become an elliptical distribution. The shift in
the electron cloud leads to a partial positive charge on the Au
surface, which is immediately neutralized by electrons offered by
ODA. The continual supply of electrons from ODA to Au makes
the shift in the electron cloud from Au to M occur continuously
until M?* is reduced completely.'® Most recently, Huang et al.
have used bayberry tannin (BT), a natural plant polyphenol, as
a reducing agent for the one-step synthesis of Au@Pd core—shell
NPs in aqueous solution at room temperature. Due to its mild
and stepwise reduction ability, BT was able to preferentially
reduce Au** to Au NPs when placed in contact with an Au**/Pd*
mixture, and subsequently, the formed Au NPs served as in situ
seeds for the growth of a Pd shell, resulting in the formation of
Au@Pd NPs. Importantly, it is feasible to adjust the morphology
of the Pd shell by varying the Pd**/Au* molar ratio, where
Au@Pd NPs with a spherical Pd shell are formed when the Pd**
amount is insufficient, whereas NPs with a cubic Pd shell are
formed when Pd** is sufficient.’®” Han and coworkers have also
reported one-step aqueous synthesis of bimetallic Au@Pd core—
shell NPs with a well-defined octahedral shape, in which cetyl-
trimethylammonium chloride (CTAC) as both reductant and
stabilizer is very critical and cannot be substituted by ascorbic
acid or CTAB.' Similarly, triple-layered Au@Pd@Pt core—shell
NPs have been synthesized by using ascorbic acid as a special
reducing agent,'” which we will discuss in detail in Section 4.
Carpenter and coworkers have also reported one-pot aqueous
synthesis of Fe@Ag or Ag@Fe core—shell NPs, in which they
have shown that the injection time of AgNOj; into a reaction
vessel containing aqueous ferrous salt, sodium borohydride, and
sodium citrate is a vital parameter for the precise control of
a desired core—shell structure. Scheme 3 depicts how the intro-
duction of AgNOj at different times after the addition of NaBH,
creates various core/shell structures. The results can be explained
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Scheme 3 Proposed reaction scheme for the reduction of sodium citrate,
FeCl,-7H,0 and NaBHy; addition of AgNOs; at various times after the
addition of NaBH, produced various core-shell morphologies. Repro-
duced with permission from ref. 110. Copyright 2010, American Chem-
ical Society.

by the differences in the reduction potentials for Fe** and Ag* in
an aqueous solution (E°peype = —0.41 V vs. SHE; E°pgag =
+0.80 V vs. SHE). For the introduction in 1 min after NaBHy4
addition, Ag is formed by classical homogeneous nucleation and
growth, resulting in 4-5 nm spherical NPs. These Ag NPs serve
as nucleation sites for the Fe NPs to grow, which simulates
a heterogeneous nucleation and growth process. For the intro-
duction after 5 min, the Fe NPs have already formed and
therefore act as nucleation sites for the Ag NPs to form and
grow, creating Fe@Ag core—shell NPs. Lastly, the introduction
after 10 min produces ~150 nm Fe clusters and these Fe clusters
again act as nucleation sites for the formation of Ag shells.’"

Galvanic replacement is an effective approach to fabricate
bimetallic core-shell NPs with hollow interiors based on the
differences in the reduction potentials of core and shell metal
ions. Xia and coworkers have devoted much in this topic and
developed a lot of bimetallic core-shell NPs.''! The shell metal is
mostly noble metals whereas core metal could be either noble or
non-noble metals.'**'** In addition, it is also very effective for
fabricating yolk—shell/nanorattle structured NPs''*"'** or core—
shell NPs with alloy shells.'0>!¢

It is known that alloy NPs can usually be obtained from
bimetallic core—shell NPs by high-temperature annealing or even
by a process of hydrogen absorption/desorption as a trigger for
Pd@Pt NPs reported recently.''”-'*® There are also some inter-
esting transformations from alloy to core-shell NPs (Scheme 4).
Mayrhofer et al. have found that PtCo@Pt core—shell NPs can be
obtained from Pt;Co alloy upon CO annealing at 200 °C, where
the adsorption enthalpy of CO on Pt is higher than on Co, Pt
segregates to the surface of the NPs, and correspondingly
displaces Co to the core.'”® Subsequently, carbon supported

annealing annealing
| 1] ]
heat, gas A heat,gas B

Scheme 4 Structural transformation from alloy to bimetallic core—shell
NPs via reaction-driven processes.
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PdCo@Pd core-shell NPs have been prepared via annealing
PdCo/C at 500 °C under flowing H, based on the segregation
effect induced by the difference in the gas adsorption energies on
the two metals. Under the high temperature annealing condi-
tions, the PdCo/C alloys undergo phase segregation in which Pd
migrates to the surface, forming a pure Pd overlayer on the bulk
alloy to afford PdCo@Pd NPs, since the adsorption enthalpy of
H on Pd is higher than that on Co.*® More interestingly, Tao
et al. have studied that the Rhy sPdy s NPs undergo dramatic and
reversible changes in composition and chemical state in response
to oxidizing or reducing conditions. The NP with Rh rich in the
surface can be detected upon exposure to an oxidizing gas of NO,
while Rh atoms can move back to the core if the NP is exposed to
a reducing gas of CO. Thus, the use of reactive gases is a rather
unique way to engineer the structures of bimetallic core—shell-
like NPs."!

Toshima and coworkers have proposed three possible routes
for preparation of heterometallic core—shell NPs based on their
long-term and systematic studies: 1) Pt@Pd core—shell NPs have
been obtained by simultaneous gentle reduction with alcohol for
H,PtCls and PdCl; in the presence of PVP; 2) Pd@Pt core—shell
NPs have been prepared by a so-called hydrogen-sacrificial
protective strategy, in which hydrogen adsorbed on the surface of
core-metal NPs works as reductant of the second metal ions to
produce the shell; 3) physical mixture of two kinds of metal NP in
dispersions can spontaneously produce core-shell-structured
bimetallic NPs. They have even succeeded in construction of
a triple core-shell structure by combination of sacrificial
hydrogen reduction or simultaneous alcohol reduction with
a physical mixing process (self-organization).'?* Kim et al. have
reported the formation of CNT supported core-shell clusters in
the shape of nano-dandelions on the atomic scale in which the
core is a single Pt atom and the shells are several agglomerated
Ru atoms. Such an interesting structure resulted from the
difference of bond strengths with sulfur atoms in thiol groups
between Pt and Ru single atoms which formed onto surface thiol
groups of CNT by borohydride reduction; the Ru-S bond is
much weaker than the Pt-S bond. This brings about the faster
release of Ru atoms from thiol groups than from Pt atoms during
heat treatment; then, the drifting Ru atoms cover the Pt single
atoms still linked to surface thiol groups and form a nano-
dandelion structure (Scheme 5). The main advantage of this
unique synthetic strategy for core—shell clusters compared to the
conventional method is that it is possible to synthesize very small
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Scheme 5 PtRu nano-dandelion formation mechanism based on a single
atom to cluster approach. Reproduced with permission from ref. 123.
Copyright 2010, The Royal Society of Chemistry.

core-shell clusters below 1 nm in size.'* In addition, Zhang et al.
reported a well-controlled synthetic strategy to achieve meticu-
lous control of metallic shell growth at the single monolayer level
with versatile core NPs via introducing an intermediate phase in
a phase transfer reaction to finely tune the shell growth
process.’** Yang et al. have reported a general protocol for
transferring metal ions from water to an organic medium by
using ethanol as an intermediate solvent. The protocol enables
the synthesis of a variety of metallic nanocrystals, including
core-shell NPs, to be carried out in an organic medium using
relatively inexpensive water-soluble metal salts as starting
materials.'>

3.2 Core-shell NPs involving two noble metals

Similar to alloy NPs, core—shell structured bimetallic Au—Ag and
Au-Pd NPs are preferentially studied among core-shell NPs
because of their wide uses in different ends, especially their effi-
cient catalytic properties for a variety of reactions. The electro-
catalytic activity of core—shell Augo_@Ag, (x = 15, 27, 46, 60)
bimetallic NPs embedded in a methyl functionalized silicate
MTMOS network towards the reduction of hydrogen peroxide
was investigated by using cyclic voltammetry and chro-
noamperometric techniques. The MTMOS silicate sol-gel
embedded Au;3;@Ag,; core-shell NP modified electrode showed
asynergistic effect and better electrocatalytic activity compared to
monometal MTMOS-Au,,,, and MTMOS-Ag,,; modified elec-
trodes.'?® Toshima and coworkers have interests in Ag@Au core—
shell catalysts for glucose oxidation. The addition of AgClO, into
aqueous dispersions of Au NPs was applied to produce bimetallic
Ag@Au NPs with a core—shell structure. The catalytic activity for
glucose oxidation was investigated for thus-prepared Ag@Au
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Fig.7 (a) Glucose oxidation catalytic activity of Ag@Au NPs at various
feed composition ratios and Au and Ag monometallic NPs. Inset: sche-
matic presentation of the formation of Ag/Au bimetallic NPs by the
addition of AgClO,4 aqueous solution into Au NP dispersion. (b) Cata-
lytic activity on glucose oxidation and particles size of Ag@Au bimetallic
NPs prepared at various feeding compositions (final metal ion concen-
tration = 0.20 mM, Rpyp = 100, Rnaghsa = 5). Adapted with permissions
from ref. 127 and 128. Copyrights 2010, American Chemical Society and
2011, Elsevier, respectively.
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bimetallic NPs with various compositions. The highest activity
(4079 mol-glucose h~! mol-M ') was observed for the Ag@Au NP
prepared with an Ag/Au ratio of 0.25/1, much higher than that of
monometallic Au or Ag NPs under the same conditions. The high
catalytic activity of the Ag@Au NPs may be due to the electronic
effect between the Au and Ag elements in a particle (Fig. 7a).'*”
More recently, they have developed a simple and novel one-pot
preparation method for PVP-protected Ag@Au bimetallic NPs of
less than 2 nm in diameter using simultaneous reduction of the
corresponding ions with rapid injection of NaBH,. The Ag@Au
bimetallic NPs showed a high and durable catalytic activity for the
aerobic glucose oxidation, and the catalyst can be stably kept for
more than 2 months under ambient conditions. The highest
activity was observed for the bimetallic NPs with Ag/Au atomic
ratio of 2/8, of which the TOF value (16 890 mol-glucose h~' mol-
metal ') was several times higher than that of Au NPs with nearly
the same particle size and much higher than that of Ag NPs
(Fig. 7b).18

Tang et al. have synthesized spherical Ag—C composites with
Ag NPs by microwaving suspensions of porous carbon spheres
(CSs) in [Ag(NH3),]" solutions with poly(N-vinylpyrrolidone) as
the reducing agent. The obtained Ag-C composites were used as
precursors to dope Au into the CSs’ interior by immersing Ag-C
composites in HAuCl, solution without additional reducing
agent, thus yielding bimetallic Au-Ag/C composites with
possible hollow Ag@Au core-shell structure due to the galvanic
replacement reaction. Optical properties and catalytic activities
of the composite were tunable via simply controlling the Au/Ag
atomic ratio as controlled by the HAuCl, concentration. The
catalytic activity of bimetallic composites was highly enhanced
than that of the monometallically doped CSs in the reduction of
4-nitrophenol by NaBH4.'?* Our group have fabricated Au@Ag
or Au@AuAg NPs confined with an ZIF-8 support for catalytic
reduction of 4-nitrophenol. Results showed the highly synergistic
improvement for the catalytic activity compared to the mono-
metallic and alloy NPs. The apparent activation energy for the
most active catalyst, 2wt%Au@2wt%Ag/ZIF-8, was evaluated to
be 14 kJ mol~!, which was much lower than those reported for
Au- or Ag-based catalysts and further illuminated the synergistic
effect of Au and Ag species.'*

Crooks and coworkers have prepared dendrimer-encapsu-
lated PdAu bimetallic NPs in 1-3 nm with alloyed and core-
shell Pd—Au structures, respectively by simultaneously and
sequentially loading metal precursors into the dendrimer and
following by reduction. The catalytic hydrogenation of allyl
alcohol was significantly enhanced in the presence of core—shell
structured Pd—Au NPs as compared to mixtures of single-metal
NPs.'*® The Pd-on-Au bimetallic NPs with a 4 nm Au core and
controlled Pd loading were synthesized, with all compositions
more active for the aqueous-phase trichloroethene hydro-
dechlorination (TCE HDC) reaction. The most active catalysts
were considerably more active (>1900 L gpq ' min~') than Pd
NPs (55 L gpg! min™') and conventionally synthesized
Pd/A1,O;3 (47 L gpg™ min™"). The reaction data suggested
geometric effects were responsible for enhanced TCE HDC
activity. The binding energy shifts of Pd metal with surface
coverage suggested the possibility of catalyst promotion by an
electronic effect.’® Hutchings and colleagues have found that
the addition of Pd to the Au catalyst, yielding Al,O3 supported

bimetallic Au@Pd core—shell NPs with a Pd-rich surface,
increased the rate of direct hydrogen peroxide synthesis from H,
and O, as well as the concentration of hydrogen peroxide
formed.’* Almost simultaneously, they reported the Au@Pd
NPs with Au-rich core and Pd-rich shell supported on TiO,
gave very high TOFs (up to 270 000 turnovers per hour) for the
oxidation of alcohols, including primary alkyl alcohols. The
catalytic results showed that the introduction of Au to Pd
improved the selectivity to aldehydes and Au acted as an elec-
tronic promoter for Pd to influence the catalytic properties.**?
Frank et al have also demonstrated that Au@Pd NPs can be
effectively supported by aqueous titania dispersion in absence of
any organic stabilizing ligands with excellent colloidal stability.
Without the need for drying and sintering, Au;o@Pd;0/TiO,
was catalytically active in aqueous oxidation of 1-phenylethanol
by hydrogen peroxide with good conversions at 75 °C and
appreciable activity at 25 °C, which was much higher than the
activity of pure Pd/TiO, and Au/TiO,."**

Zhang et al. have fabricated a novel Pt-around-Au nano-
composite (similar to core-shell structured Au@Pt) by electro-
static self-assembly. It exhibited significantly enhanced activity
and high stability towards formic acid oxidation, which showed
a promising application in direct formic acid fuel cells. The
proposed reason for the unexpectedly high activity for HCOOH
oxidation on the Pt-around-Au nanocomposite was the efficient
spillover of HCOO from Au to the surrounding Pt NPs, where
HCOO is further oxidized to CO,."35 Ataee-Esfahani et al. have
synthesized Au@Pt nanocolloids with nanostructured dendritic
Pt shells by one-step chemically reducing H,PtCls and HAuCl,
species with ascorbic acid in the presence of a low-concentration
surfactant solution under simple ultrasonic irradiation condi-
tions. The Pt shell thicknesses on Au cores can be readily tuned
by controlling the Pt/Au molar ratio in the starting precursor
solution. Through the optimization of the Pt shell thickness, the
Au@Pt nanocolloids exhibited enhanced activity as an electro-
catalyst for methanol oxidation reaction, which was ~4 times as
high as that of the dendritic Pt nanocolloids while Au nano-
colloids were almost inactive.’*® Han and coworkers have
prepared bimetallic heteronanostructures consisting  of
a dendritic Pt shell and structured Au cores (nanocubes, nano-
rods, and nanooctahedra) via a seeded growth method. The
Au@Pt nanostructures have exhibited higher electrocatalytic
activity and durability for the ORR than those of the mono-
metallic Pt catalyst, indicating that the formation of hetero-
structures can provide more active catalytic surfaces. Strikingly,
the ORR activities were highly dependent on the shape of the
cores and the Au nanooctahedron@Pt showed the largest
improvement of the ORR activity (Fig. 8)."*"

Bimetallic Pt@Ru and Ru@Pt core-shell NPs have been
prepared following the dendrimer-encapsulated nanoparticle
(DEN) route. By this approach, it is possible to place the desired
metal preferentially either on the surface or in the core of the
particles by adjusting the NP synthesis path. The presence of Ru
improved the catalytic performance in the CO,4 electro-oxida-
tion reaction in relation to Pt-only species. The best results were
obtained for the sample with a Pt-enriched surface, where it
combined the advantages resulting from the presence of Ru with
a better stability due to its preferential location in the core of the
NP."® Eichhorn, Mavrikakis and colleagues have systematically
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Fig. 8 (a) Schematic synthesis of AuPt bimetallic heteronanostructures
consisting of Au nanocrystal cores with well-defined morphologies and
dendritic shells of Pt. (b) Mass- and area-specific activity at 0.8 V versus
RHE (reversible hydrogen electrode) for the various nanocatalysts
toward ORR. Adapted with permission from ref. 137. Copyright 2010,
Wiley-VCH Verlag GmbH & Co. KGaA.

studied Pt-based NPs for PROX reaction. They reported a first-
principles-guided synthesis of Ru@Pt NPs with an approxi-
mately 1-2-monolayer-thick shell of Pt atoms. The distinct
catalytic properties of these well-characterized core-shell NPs
were demonstrated for PROX in hydrogen feeds and subsequent
hydrogen light-off. For H, streams containing 1000 ppm CO, H,
light-off was completed by 30 °C, significantly better than that
over PtRu nanoalloys (85 °C), monometallic mixtures of NPs
(93 °C) and pure Pt particles (170 °C). Density functional theory
studies suggested that the enhanced catalytic activity for the
core—shell NP originated from a combination of an increased
availability of CO-free Pt surface sites on the Ru@Pt NPs and
a hydrogen-mediated low-temperature CO oxidation process
that was clearly distinct from the traditional bifunctional CO
oxidation mechanism."*® They have also prepared Rh@Pt core—
shell, RhPt (1:1) alloy, and Rh + Pt monometallic NPs and
employed Al,Oj3 as a support for them with 1.0 wt% Pt loading.
The supported catalysts with three different architectures were
evaluated for the PROX reaction. For hydrogen feeds with 0.2%
CO and 0.5% O,, the Rh@Pt NP catalyst had the best activity
with complete CO oxidation at 70 °C and very high PROX
selectivity at 40 °C with 50% CO conversion, which was much
higher than that over Pt + Rh and PtRh alloy catalysts (Fig. 9).14°
Recently, they have combined first-principles calculations and
experiments to systematically investigate the PROX reactivity of
specifically synthesized and characterized M@Pt NPs, made of
various transition metal cores (Ru, Rh, Ir, Pd, Au) covered by
a ca. 1-2 monolayer thick shell of Pt atoms. Among these NPs,
the PROX reactivity was the highest for Ru@Pt core-shell NPs,
where the CO oxidation was complete by 30 °C (1000 ppm CO in
H,), followed by Rh@Pt, Ir@Pt, Pd@Pt, pure Pt, and Au@Pt
NPs, in order of decreasing activity. Both the PROX activity and
selectivity of several of these M@Pt core-shell NPs were signif-
icantly improved compared to monometallic and bulk nonseg-
regated bimetallic nanoalloys.'*!

Xia’s group has synthesized Pd-Pt bimetallic nanodendrites
consisting of a dense array of Pt branches on a Pd core by

5
s

mixture

% of max. H,O formation

40 60 80 100 120 140 160 180

Temperature (°C)

100+
(b)
80

w @

40

% of max. CO, formation

O it T T T T T T
40 60 80 100 120 140 160 180

Temperature (°C)

Fig.9 Temperature-programmed reaction (TPR) plots showing (a) H,O
formation and (b) CO, formation for monometallic Pt NPs, mono-
metallic mixtures of Pt NPs, and 2.7 nm Rh particles, 4.9 nm PtsoRhsq
alloy NPs, and 3.2 nm Rh@Pt NPs for H, streams contaminated with
2000 ppm CO. Percent of maximum H,O formation was calculated from
the limiting reactant, O,, and % of maximum CO, formation is relative to
the CO inlet concentration. Adapted with permission from ref. 140.
Copyright 2008, American Chemical Society.

reducing K,PtCl, with L-ascorbic acid in the presence of uniform
Pd nanocrystal seeds in an aqueous solution. The results indi-
cated that both homogeneous and heterogeneous nucleation of
Pt occurred at very early stages of the synthesis and the growth
proceeded via particle attachment. The Pd seeds played a crucial
role in forming an open, dendritic structure by providing
multiple nucleation sites for Pt that were spatially separated from
each other, helping to avoid overlap and fusion between the Pt
branches during the growth process. In contrast, extensive self-
aggregation of small Pt particles led to the formation of Pt
nanostructures with a foam-like morphology in the absence of Pd
seeds. The Pt branches supported on faceted Pd nanocrystals
exhibited relatively large surface areas and particularly active
facets toward formic acid oxidation and the ORR, in the latter of
which the Pd—Pt nanodendrites were 2.5 times more active on the
basis of equivalent Pt mass for the ORR than the state-of-the-art
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Fig. 10 (a) TEM image of Pd—Pt nanodendrites synthesized by reducing
K,PtCly with L-ascorbic acid in the presence of truncated octahedral Pd
nanocrystal seeds in an aqueous solution. The inset shows an enlarged
image. (b) Specific activity at 0.9 V versus RHE for Pd-Pt dendrites, Pt/C
and Pt black catalysts towards ORR reaction. Adapted with permission
from ref. 142. Copyright 2009, American Association for the Advance-
ment of Science.
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Pt/C catalyst and 5 times more active than the first-generation
supportless Pt-black catalyst (Fig. 10).142143

3.3 Core-shell NPs combining noble and non-noble metals

The combination of Pt and another non-noble metal has inten-
sive studies among bimetallic core—shell NPs. Zhou et al. have
synthesized the reciprocal core-shell structured NPs, Pt@Cu and
Cu@Pt, and made the preliminary evaluation of y-Al,O3 sup-
ported NPs for catalytic NO reduction. Results showed that the
Cu@Pt NPs had high activity equal to that of pure Pt NPs but
with significantly greater selectivity for N, formation. The origin
of the enhanced performance of the Cu@Pt was tentatively
explained to be related to near surface alloy (NSA) effects, in
which subsurface metal layer effects the binding of adsorbates
(e.g. NO and H) to the particle surface.'** The Cu@Pt/C catalyst
was synthesized by sequential reduction of cupric chloride and
chloro-platinic acid by using ascorbic acid, followed by
anchoring on H,O,-functionalized Vulcan XC-72. The cyclic
voltammogram results showed that formation of Pt in the form
of a shell on Cu species helped to improve the reactive surface
area as the skin layer adopting the surface geometric features of
the core material. The electrocatalytic activities of the ORR for
Cu@Pt/C catalyst had more positive onset potential than that of
conventional Pt,y, underlining the fact that the core-shell
structured catalyst was more efficient for ORR.'* Similarly, sub-
10 nm Ni@Pt core—shell NPs with near monolayer Pt shells were
fabricated by a modified polyol process. Characterization results
indicated that the deposition of the Pt shell could result in
a lattice expansion of the Ni core and the electrochemical
responses of these particles revealed that they had a Pt surface
with a compressively strained Pt-Pt interatomic distance as
compared to that in pure Pt NPs. The specific activity for the
ORR on the Ni@Pt NPs was significantly higher than that on
pure Pt particles, indicating that the Ni@Pt NPs could be
promising catalysts for the cathodes of PEM fuel cells with much
reduced Pt content but significantly increased catalytic
activity.’*¢ A carbon supported core-shell PtNi@Pt NP catalyst
was synthesized through a two-step solution-phase reduction
method, and it demonstrated a 5.4 times higher specific activity
of ORR than a conventional Pt/C catalyst by using a rotating
disk electrode in a three-compartment electrochemical cell, which
could be attributed to the modified electronic structure of the Pt
surface layer by the underlying Ni sublayer.'*” Yang et al
reported carbon supported M@Pt (M = Ni, Co) core-shell NPs
with uniform dispersion of diameters of 2-4 nm by a polyol
synthesis process with oleic acid as the surfactant. The M@Pt/C
catalysts were used for hydrogen generation from hydrolysis of
ammonia borane and showed favorable performances, delivering
a high hydrogen release rate of 5469 mL min~' g~' and 4874 mL
min~! gfl, respectively for Ni0‘33@Pt0.67/C and C00'32@Pt0'68/c,
both of which were higher than that of a monometallic NP
catalyst.!*®1* Our group has synthesized carbon-supported
Fe@Pt NPs using a sequential reduction process. The Fe core
was first synthesized by reduction of FeSO,4 using NaBH, in an
aqueous solution with well-dispersed carbon in the presence or
absence of NH;BHj3 in air at room temperature, respectively
affording amorphous and crystalline Fe NPs. Then the atoms in
the outer layer of the Fe core were sacrificed to reduce Pt** to

form the Pt shell. Unexpectedly, in contrast to its crystallized
counterpart, iron in the amorphous state exerted a distinct and
powerful ability as a core for the Fe@Pt NPs, which combined
high catalytic activity, low cost, long-term stability and easy
recovery. The resultant amorphous Fe core-based Fe@Pt NPs
were far more active for NH3;BH; oxidation (up to 354%) than
the commercial Pt/C catalysts (Fig. 11).'%°

The Au@Co core-shell NPs with ~7 nm sizes obtained by one-
step reduction method in our group, which we mentioned above,
showed significant synergistic effects in heterogeneous catalysis.
The catalytic properties of Au@Co NPs with those of pure Au,
Co and AuCo alloy NPs were evaluated for dehydrogenation of
aqueous NH3;BH;. The Au@Co NPs exhibited markedly high
catalytic activity to complete the dehydrogenation reaction of
NH;BH3;. This excellent catalytic activity was much higher than
that of the AuCo alloy and Co with similar morphologies and
sizes as those of Au@Co NPs. The Au NPs, which were in
interlaced branch shapes with diameters less than 10 nm, had the
worst activity. The better catalytic activity of Au@Co core—shell
than AuCo alloy NPs might result from the modification of the
electronic structure in a core-shell NP which is superior to that in
an alloy NP for the dehydrogenation of aqueous NH;BH;.'*
The Au@Co core-shell NPs synthesized by octadecylamine
reduction also showed better catalytic efficiency than pure Au or
Co NPs in the CO oxidation.'® Bifunctional catalytic and
magnetic Ni@Ru core-shell NPs were synthesized most recently
by means of a seeded growth method, where oleylamine was
demonstrated to be a key factor for the creation of uniform
Ni@Ru NPs with a jagged Ru shell. The ultra-small Ru NPs
stabilized on the Ni surface showed higher activity than mono-
metallic Ru NPs and physical mixture of Ru and Ni for catalytic
dehydrogenation of aqueous NH;BH3.25! The Ag@Ni core-shell
NPs with a typical size of 14.9 + 1.2 nm and a tunable shell
thickness have been fabricated via a simple one-pot synthetic
route using oleylamine as both solvent and reducing agent and
triphenylphosphine as a surfactant. The as-synthesized Ag@Ni
NPs exhibited excellent catalytic properties for the generation of
H, from dehydrogenation of NaBH, in aqueous solution. The
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Fig. 11 Comparison of catalytic activities for NH;BH; oxidation of (a)
carbon supported Fe@Pt NPs with amorphous iron cores, (b) commer-
cial Pt, (c) Fe@Pt NPs with crystallized iron cores, and (d) the FePt alloy.
Electrolyte: 0.01 M NH3BH;3/1 M NaOH; sweep rate: 10 mV s~'; rotation
rate: 1600 rpm; room temperature; Pt loading: 24.6 pg cm=2 Inset:
Comparison of the mass activities at —0.7 and —0.2 V. Reproduced with
permission from ref. 150. Copyright 2009, American Chemical Society.
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Table 2 Synergistic effects in catalysis over bimetallic core-shell NPs

Catalyst NP size (nm) Catalytic reaction Ref.
Au@Ag/silicate sol-gel ~16 electrocatalytic reduction of H,O, 126
Ag@Au 43+09 glucose oxidation 127
Ag@Au ~2.0 glucose oxidation 128
Ag-Au@CSs reduction of 4-nitrophenol 129
Au@Ag/ZIF-8 3-6 reduction of 4-nitrophenol 102
Pd-Au@dendrimer 1-3 hydrogenation of allyl alcohol 130
Pd on Au ~4 trichloroethene hydrodechlorination 131
Au@Pd/Al,04 2-10 direct H,O; synthesis from O, and H, 132
Pd@Au/TiO, oxidation of alcohols 133
Au@Pd/TiO, 6.6+ 1.2 oxidation of 1-phenylethanol by H,O, 134
Pt-around-Au ~2.8+6.1 formic acid elecrooxidation 135
Au@Pt dendritic shell 20-35 methanol electrooxidation 136
Au@Pt dendritic shell oxygen reduction reaction 137
Pt@Ru or Ru@Pt-DEN ~2 CO electrooxidation 138
Rh@Pt 4.1 PROX in H,-rich gas stream 139
Rh@Pt ~5 PROX in H,-rich gas stream 140
M@Pt (M = Ru, Rh, Ir, Pd, or Au) 2-4.5 PROX in H,-rich gas stream 141
Pd@Pt dendrites 23.5 oxygen reduction reaction 142
Pd@Pt dendrites oxygen reduction, HCOOH electrooxidation 143
Pt@Cu and Cu@Pt 9-10 and 8-20 NO reduction 144
Cu@Pt/C 3-4 oxygen reduction reaction 145
Ni@Pt 5.0-54 oxygen reduction reaction 146
PtNi@Pt/C 5-8 oxygen reduction reaction 147
Ni@Pt/C 2-4 dehydrogenation of aqueous NH;BH; 148
Co@Pt/C 3 dehydrogenation of aqueous NH;BH; 149
Fe@Pt/C ~2 electrooxidation of NH;BH; 150
Ni@Ru/C ~15 dehydrogenation of aqueous NH;BH; 151
Ag@Ni ~15 dehydrogenation of aqueous NaBH, 152

hydrogen generation rate of Ag@Ni NPs was found to be much
higher than that of Ag and Ni NPs with similar sizes, indicating
the synergistic effects between Ag and Ni.'*?> Some reported
bimetallic core-shell NPs with synergistic catalytic effects in
catalytic reactions are summarized in Table 2.

In addition to NPs with alloy and core-shell structures, there
are also some bimetallic particles with special nanostructures
featuring synergistic catalytic performances. Here we give one
recent example. Lu et al. have demonstrated bimetallic Au-Pt
nanorods (NRs) to be in situ grown and embedded into ther-
mosensitive core-shell microgel particles by a novel two-step
approach: Au NRs pre-formed and embedded into the shell of
poly(N-isopropylacrylamide) (PNIPA) networks, followed by Pt
preferentially deposited onto the tips of Au NRs to form
dumbbell-shaped bimetallic NPs. Quantitative analysis of the
catalytic activity for the reduction of 4-nitrophenol indicated
that bimetallic Au-Pt NRs showed highly enhanced catalytic
activity due to the synergistic effect of bimetallic NPs.'**

4. Synergistic catalysis over trimetallic and
multimetallic NPs

In contrast to mono- and bi-metallic NPs, tri- and multi-metallic
NPs may possess an even greater degree of catalytic activity and
selectivity because more variables are available for tuning. There
are limited reports but rapidly growing interest in tri- and multi-
metallic NPs in the last two years. As reviewed above, Pt- and Pd-
based bimetallic NPs have been intensively investigated as fuel cell
catalysts. Improving efficiency and reducing overall cost are two
key issues to the commercialization of fuel cell powered vehicles.
The introduction of a third/fourth metal to the NP catalyst is

expected to produce a combination of effects such as reduction of
the lattice distance, the addition of surface sites for the formation
of metal-oxygen bond and adsorption of OH~, and the modifi-
cation of the d-band center. In order to continuously reduce cost
(by reducing the amount of Pt in the catalyst) and simultaneously
increase efficiency, Pt- and/or Pd-based tri- and multi-metallic NP
catalysts have also been further developed recently.

Zhong, He and coworkers have made core-shell synthesis
protocol for the preparation of ternary PtMFe (M = V, Ni) NPs
with a few nanometres in core sizes. The PtMFe cores were
encapsulated with a shell of mixed amine/acid monolayer and
microstructure observations demonstrated the composition
uniformity in the individual NP. The PtMFe NPs were assembled
on carbon supports with controllable dispersion and mass
loading. The carbon-supported alloy NPs after calcination
treatment were found to display high electrocatalytic activities
for the ORR. The electrocatalytic activity data were compared
for the PtVFe/C catalyst in terms of relative mass activities at 0.8
V. In comparison with a commercially available standard Pt/C
catalyst (TKK), PtFe and PtVFe had relative activities almost
two and four times larger than that of the commercially available
Pt catalyst, respectively. The PtNiFe/C catalyst displayed a rela-
tive activity almost five times larger than that of the commer-
cially available Pt/C catalyst. The activity displays the order of
PtNiFe/C > PtVFe/C > PtFe/C > Pt/C (Fig. 12), demonstrating
the effectiveness of the alloy composition in enhancing the elec-
trocatalytic performance. The superior activity of trimetallic NPs
was attributed to the alloy NPs located on the surface of the
supporting carbon, whereas the traditional synthesis method
may cause some NPs to occur inside the micropores of the
carbon, which were not accessible by the molecular oxygen.'>*1%¢
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Fig. 12 Comparison of the relative electrocatalytic activities for carbon-
supported monometallic, binary and ternary catalysts. Inset: RDE curves
for ORR at Pt32V14Fe54/C (3100 metal loading), Pt}]Ni34FC35/C (30%!
metal loading) and standard Pt/C (20% metal loading) catalysts on glassy
carbon electrode (catalyst loading 15 mg, 0.196 cm? geometric area) in
0.5 M H,SO4. Scan rate: 5 mV s7', and rotating speed: 2000 rpm.
Adapted with permission from ref. 156. Copyright 2008, The Royal
Society of Chemistry.

Sun and coworkers have employed a two-step method for
synthesizing core-shell structured Pd@FePt NPs with a 5 nm Pd
core and a FePt shell whose thickness is tunable from 1 to 3 nm.
The uniform FePt shell was formed by controlled nucleation of
Fe(CO)s in the presence of a Pt salt and Pd NPs at designated
reaction temperatures. The Pd/FePt NPs showed FePt shell-
dependent catalytic properties, and those having a 1 nm coating
exhibited drastic increases in durability and activity (15 times
more active with a 140 mV gain in onset potential in comparison
with those having a 3 nm coating).'s” Subsequently, they have
designed and synthesized Au@FePt; and even Pd@Au@FePt
core-shell NPs via epitaxial growth of FePt shell over Au and
Pd@Au seeds, respectively.'**'*® The trimetallic Au@FePt; NPs
possess both the high catalytic activity of Pt-bimetallic alloys and
the superior durability of the tailored morphology and compo-
sition profile, with mass-activity enhancement of more than 1
order of magnitude over Pt catalysts (Fig. 13), revealing the great
potential of utilizing multimetallic nanostructures in tuning the
catalytic and durability properties of nanocatalysts.

Wang and Yamauchi have reported an autoprogrammed
synthesis of Au@Pd@Pt triple-layered core-shell NPs, which
consist of an Au core, a Pd inner layer, and a nanoporous Pt outer
shell, in aqueous solution with ascorbic acid and Pluronic F127 at
room temperature (Fig. 14). The proposed autoprogrammed
synthesis was performed by spontaneous step-by-step depositions
of metal precursors without the need for any additional and
complex treatments, where the pre-formed Au NPs served as in
situ seeds for the subsequent depositions of the Pd inner layer and
the Pt outer shell, in tandem. After the formation of Au@Pd core—
shell NPs, Pt deposited onto the surface of the Au@Pd binary
core. With continuous Pt reduction by ascorbic acid, Pt atomic
addition continuously occurred, resulting in the continuous
growth of the intermediate Pt outer shell, and then more and more
Pt nanoarms grew from the Au@Pd binary core surface. It was
assumed that the Pluronic F127 served as a structure-directing
agent to direct the nanodendritic Pt outer shell growth during the
later Pt deposition. The resultant Au@Pd@Pt triple-layered NPs
showed higher catalytic performance than that of Au@Pt core—
shell NPs in the methanol oxidation reaction.'® Most recently,

(a)
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Fig. 13 (a) Schematic illustration for Au@FePt; core-shell NP
synthesis. (b) Mass activities (normalized by the initial loading of Pt
metal) of the Pt/C, FePt;/C, and Au@FePt;/C catalysts by 60000
potential cycles between 0.6 and 1.1 V vs. RHE in oxygen saturated 0.1 M
HCIOy, electrolyte at 20 °C with a sweep rate of 50 mV s~'. Adapted with
permission from ref. 158. Copyright 2011, American Chemical Society.

Tian and coworkers have synthesized Au@Pd@Pt NPs using the
atomic radius, cohesive energy, and electronegativity of these
three metals to initiate different growth modes. Au NPs coated
with two atomic layers of Pd and a half-monolayer equivalent of
Pt clusters (fp, = 0.5) possessed the highest catalytic activity for
electrooxidation of formic acid compared to other nanostructures
such as Au@Pd NPs and Au@Pt NPs using massive electrodes.
An increase in the loading of Pd beyond 2 atomic layers and Pt
beyond fp, = 0.5 actually decreased catalytic activity, inferring
that a synergistic effect exists between the three different nano-
structure components (sphere, shell and islands).'>® Carbon-sup-
ported pseudo-core@shell PdACu@Pt NPs with intimate contact
of Pt and PdCu were prepared by a galvanic displacement reaction
between PACu/C alloy NPs and PtClg*~ in aqueous solution. The
PdCu@Pt/C catalysts demonstrated higher specific activity to
methanol oxidation and ORR than Pt/C and PtRu/C as a result of
improved Pt utilization.'® For the PdCo@Pd core-shell NPs
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Fig. 14 (a) TEM image, (b) HAADF-STEM image, and (c) HAADEF-
STEM-EDS mapping images of the Au@Pd@Pt core-shell NPs. (d)
Cross-sectional compositional line profiles of the square area in (c).
Reproduced with permission from ref. 109. Copyright 2010, American
Chemical Society.
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obtained from Hj-induced surface segregation effect (the
synthesis was mentioned in Section 3.1), an ultralow loading of Pt
was deposited on its surface by spontaneous displacement reac-
tion and the Pt-decorated PdCo@Pd/C catalyst was found to have
significantly enhanced stability and ORR activity. Both
PdCo@Pd/C and Pt-decorated PdCo@Pd/C catalysts showed
much higher MeOH tolerances than Pt/C.'* The Pd-Pt-Ni
nanoalloy catalysts have been synthesized by a polyol reduction
method and characterized for the ORR in PEM fuel cells. The
performance of the membrane-electrode assembly (MEA) fabri-
cated with the Pd—Pt—Ni catalysts, with a lower cost than that of
Pt, was found to increase continuously in the entire current density
range with the operation time in the PEM fuel cells until it
becomes comparable to that of commercial Pt. The Pt-based mass
activity of Pd—Pt-Niexceeded that of commercial Pt by a factor of
2, and its long-term durability was comparable to that of
commercial Pt within the 200 h of operation. Composition anal-
yses suggested a dealloyed active catalyst phase consisting of a Pd-
rich core and a Pt-rich shell formed by dissolution of Pd and Ni
under the fuel cell testing conditions. It was assumed that the
strain effect caused by lattice mismatch between the Pd-rich core
and the Pt-rich shell may down-shift the d-band center, lower the
adsorption energy of surface oxygenated intermediates, and thus
enhance the surface catalytic activity.'®!

In addition to electrochemical catalysis, tri- and multi-metallic
NPs have also showed their synergistic effects in other types of
catalytic reactions. Hungria et al. have discovered the synergistic
value of mesoporous silica supported trimetallic NP catalyst
RusPtSn, derived from a heterotrinuclear (Ru-Pt-Sn) complex,
as a highly efficient and selective means of effecting the catalytic
single-step hydrogenation of dimethyl terephthalate (DMT) to
cyclohexanedimethanol (CHDM) under mild conditions. The
presence of tin in the NP catalyst was regarded to play a key role
in anchoring the particle owing to its oxophilicity for the
support, which in turn diminished the tendency for the sintering
of NPs.’*? The temperature-programmed oxidation of methane
revealed that the addition of Pt and Au to Pd/CeO, catalyst
resulted in higher conversion values in the whole investigated
temperature range compared to the monometallic Pd catalyst.
The time-on-stream experiments provided further evidence for
the high-stability of tri-metallic catalysts compared to the
monometallic one. It was suggested that advantageous catalytic

Table 3 Synergistic effects in catalysis over tri- and multi-metallic NPs

::) :j (1) Co-reduction of three ions

: =| (2) Physical mixing of three NPs

g s (3) The present method

: S 7
- n
% a
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(1/4) (1/4720)  (1/4/20)  (1/4/20)
n @) )
Fig. 15 Comparison of catalytic activities of various metal NPs for
hydrogenation of methyl acrylate. Reproduced with permission from ref.
164. Copyright 2007, Elsevier.

properties of tri-metallic Pt-Au-Pd/CeO, catalysts compared to
the monometallic one can be attributed to suppression of the
formation of ionic forms of Pd(m), reaching an optimum ratio
between Pd’ and PdO species, and stabilization of Pd in high
dispersion.'®®* The colloidal dispersions of PVP-protected Au/Pt/
Rh trimetallic NPs, assumed to have a Au-core/Pt-interlayer/Rh-
shell triple-layer structure, were prepared by mixing the disper-
sions of PVP-protected Rh NPs and those of PVP-protected
bimetallic Au;@Pt, core—shell NPs. The trimetallic NPs with the
composition of Au/Pt/Rh (1/4/20) and a triple core—shell struc-
ture had the highest catalytic activity for hydrogenation of
methyl acrylate at 30 °C in ethanol among the trimetallic NPs
with other compositions and other structures, and the corre-
sponding mono- and bi-metallic NPs (Fig. 15). The high catalytic
activity of trimetallic NPs could be due to the sequential elec-
tronic effect between elements in a particle and the strong
exothermic interaction could be the driving force for the self-
organization to form the triple core-shell structure.'®* Following
the similar physical mixing method, the same group also reported
polymer-protected Pd/Ag/Rh triple-layered core—shell trimetallic
NPs by mixing dispersions of polymer-protected Rh NPs and
Pd@Ag core—shell NPs. The spontaneously formed trimetallic
NPs having an atomic composition of Pd/Ag/Rh = 1/2/13.5 and
an average diameter of 2.2 nm showed the highest catalytic
activity among the metal NP catalysts for hydrogenation of
methyl acrylate at 30 °C under an atmosphere of hydrogen.'®®

Catalyst NP size (nm) Catalytic reaction Ref.
PtMFe/C (M = Ni, V) ~2 oxygen reduction reaction 156
Pd@FePt ~6 oxygen reduction reaction 157
Au@FePts ~10 oxygen reduction reaction 158
Au@Pd@Pt ~35 methonal electrooxidation 109
Au@Pd@Pt 55 formic acid electrooxidation 159
PdCu@Pt/C ~4.3 MeOH electrooxidation, oxygen reduction 160
Pt-doped PdCo@Pd/C oxygen reduction reaction 120
Pd-Pt-Ni 5 oxygen reduction reaction 161
RusPtSn/SiO, hydrogenation of dimethyl terephthalate to cyclohexanedimethanol 162
Pt-Pd-Au/CeO, methane total oxidation 163
Au@Pt@Rh ~3 hydrogenation of methyl acrylate 164
Pd@Ag@Rh ~3.5 hydrogenation of methyl acrylate 165
Au/Ag/Pd 42+0.5 Sonogashira C—C coupling 166
Au-Ag-Pd 13+0.5 Suzuki C-C coupling 167
Pd-Bi-Au/C 13 oxidation of polyethylene glycol dodecyl ether 168

This journal is © The Royal Society of Chemistry 2011
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The Au/Ag/Pd trimetallic NPs and Pd NPs were synthesized
by a chemical method with CTAB as the capping agent. The
catalytic activities of Pd and the trimetallic NPs were examined
for the Sonogashira and Suzuki C-C coupling reactions. Results
showed that the trimetallic Au/Ag/Pd NPs with 1/1/1 ratio
exhibited better catalysis than Pd NPs in both reactions, which
may be due to the concerted electronic effects among these metal
atoms.'®®1%7 Zhou et al. have prepared onion-like Pd-Bi-Au/C
catalyst particles with an average diameter of 13 nm by consec-
utive chemical reduction of Au, Bi and Pt precursors in aqueous
solution and immobilization on active carbon. The onion-like
morphology was composed of high content of Au inner core, Bi-
rich intermediate layer and Pd-rich external layer based on
characterization data. The Pd-Bi-Au/C trimetallic catalyst
demonstrated good catalytic properties for the oxidation of
polyethylene glycol dodecyl ether in liquid phase using water as
solvent and O, as oxidant at atmospheric pressure, superior to
a traditional bimetallic Pd—Au/C catalyst. It indicated that Bi, as
promoter element, may play an important role in the electronic
interaction of Pd and Au NPs.’*® Some reported tri- and multi-
metallic NPs with synergistic catalytic effects in respective cata-
lytic reactions are summarized in Table 3.

5. Conclusion and outlook

This feature article has provided a survey of development of bi-
and tri-metallic, even multimetallic NPs for synergistic catalysis
studies in the last 5-6 years. We have tried to present an up-to-
date overview in such a rapidly growing field, while the subject is
very active and many papers are contributed each year (even
during the writing of this article) from chemists, physical and
materials scientists, etc. Therefore, it is hard to take into account
all publications to this field in limited pages. We apologize here if
some significant contributions were left out.

Bimetallic alloy NPs have been widely developed with
improved catalytic activity. For core—shell structured bimetallic
NPs, we have introduced some fabrication strategies, including
typical successive reduction or seeded/epitaxial growth, one-step
reduction, galvanic replacement reaction, surface phase segre-
gation, physical mixing, and so on. The core-shell NPs usually
have significantly higher activities than the monometallic coun-
terparts, even alloy NPs. In recent years, the development of tri-
and multi-metallic NPs for catalysis, especially electrochemical
catalysis, is becoming a very hot topic. The combination of
relatively cheap components with less noble metal into one
catalyst affords more opportunities to lower cost and improve
catalytic efficiency.

It is worthy to note here that it could be untimely to generalize
which structure or which combination is definitely better for
a catalytic reaction. For example, we may find many bimetallic
NPs with core-shell structure having higher catalytic activities
than those of alloyed structure,’013%141.150 whereas the AuAg
alloy NPs are especially active for CO oxidation reaction,**=¢ in
which Au adsorbs CO molecules and the neighbouring Ag
species adsorbs and affords reactive oxygen, thus greatly facili-
tating the reaction process. Therefore, different reactions have
their special requirements for catalyst structure, composition and
combination, that is, case by case. With the development of
synthetic techniques, desired structures and various composition

combinations, which are currently unrealized, could be fabri-
cated to improve the catalytic properties.

The synergistic catalytic effect over heterometallic NPs based
on the reports mentioned in this article could be tentatively
ascribed to the following main aspects. 1) Improved activity
results from microstructure changes of nanocatalyst upon intro-
ducing another metal species. 2) In many cases, electronic inter-
action among the different components along with geometric
effects leads to appropriate modification of electronic structure,
which benefits the catalytic activity enhancement. 3) Among many
bimetallic (metaly and metalg) nanocatalysts, although metalg is
less active or inactive for the reaction, the addition of metalg to
metal, can effectively improve the entire activity of the bimetallic
NPs by its “indirect” function. For example, the presence of Rh
increases the thermal stability of PtRh-BHA catalyst;>* the Sn
prevents sintering in RuPtSn NPs;'®* the presence of Au reduces
the poisoning of AuPd NPs;*® the Au is resistant to oxidation of
AuAg NPs;*” metalg helps to activate the catalytic substrate
molecules;**347 metalg leads to the better dispersion of met-
ala;f7%880 erc. 4) Among the competitive reactions, the predomi-
nant reaction is changed from pathway A to desirable pathway B
upon alloying, thus improving the catalytic activity.®*#*84 5) Other
reasons. It should be pointed out that more than one of the aspects
summarized above could exist in one heterometallic catalyst for its
enhanced catalytic efficiency.

Although great progress has been achieved, some problems
still need to be faced. The present heterometallic NP catalysts are
mostly based on noble metals. The high cost and scarce avail-
ability make the industrialization very difficult. Further efforts
should be made to develop much more effective and economical
catalysts. As one vivid example, a family of non-noble metal
catalysts, derived from polyaniline, Fe, and Co, as an inexpensive
alternative was just reported that approached the performance of
Pt-based systems at a cost sustainable for high-power fuel cell
applications.'® On the other hand, researchers working in the
catalysis field are more concerned about catalytic performance
and only some groups carefully investigate the catalyst micro-
structures. Sometimes, there are even no morphology and size
characterizations for metal NP catalysts in some reports. It is
important to construct the relationship between catalyst struc-
ture and performance, so that we can understand how to modify
the preparation conditions to obtain “desirable” catalysts with
improved activity. Materials chemists, being good at materials
synthesis, full characterizations and understanding of formation
mechanisms for the catalysts, develop novel catalysts while they
usually prefer some model reactions to test the performance of
the catalysts, where some superior catalysts are possibly over-
looked for important industrial applications. Therefore, exten-
sive collaborations among synthetic, materials chemists and
scientists in the catalysis field could bridge/compensate for such
gaps/losses and make the research go one step further. In addi-
tion, although theoretical works were not involved in this article,
first principles calculations might help to guide the composition
choice for the intelligent design of catalysts in experimental
works, and also afford microscopic insights into the fundamental
factors underlying their activity.

Along with the development of materials science at an
extraordinary pace, we may be able to synthesize heterometallic
NPs with experimentally controllable size, composition and
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chemical ordering under suitable reaction conditions, choice of
precursor materials, and combining physical, chemical, and even
biological generation methods. The advanced characterizations
will pave the way for making clear the relationship between the
precise microstructure of heterometallic NPs and their catalytic
performance. We have reason to believe that the foreseeable
future in this field will be very bright.
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