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Interface, referred as the boundary between two phases, has been demonstrated to play a

critical role in catalysis. Fundamental understanding of interfacial phenomena occurring in
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catalysis is in favor of rational design of high-performance catalysts. With the thriving of
nanoscience, nanointerface also received tremendous attentions in nanocatalysis. In this
review, we focus on the recent advances in the delicate design and the fine control of various

complex nanomaterials with well-defined interfaces based on the progress in nano-synthetic

www.rsc.org/

methodology, including metal-metal oxide, metal-metal, metal-non-oxide and metal in

confined spaces. Then the challenging issues in the synthetic control on nanointerface, based

on the authors’ experiences, are discussed. Finally, the prospects and outlooks for engineering

nanointerface for nanocatalysis towards renewable energy are presented.

1 Introduction

Interface, which is generally referred as the boundary between
two domains, has been demonstrated to exhibit fundamentally
different properties from those of their bulk counterparts.'” In
the case of catalysis, when optimizing the catalysts to improve
the catalytic performance for an idiographic reaction, one
usually has to carefully consider the predominant role of
interface in binding, transformation and transport of surface
species such as electrons, adsorbents, and intermediates
between two domains.*® So far, to achieve better reaction
activity, selectivity, and stability, a great number of research
efforts have been devoted to the interfacial effect in catalysis
with the aid of advanced spectroscopies, density functional
theory (DFT) calculations in model systems, and other
surface/interface probes at the molecular/atomic
However, due to the ill-defined structure and wide size
distribution of the different components, it sometimes becomes
difficult for researchers to understand better the reaction
mechanism, and thus brings some uncertainty and even debate
concerning the precise mechanism over the studied catalysts.
For example, there have been several reported results from
different research groups that remain to be controversial and
even partly contradictory, concerning exposed Au-support
interface bearing the responsibility for low-temperature CO
oxidation.”'" In this context, the rational design and

level.
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engineering of the phases with well-defined shapes, sizes, and
structures is highly desirable. In the past few decades, thanks to
the great progresses in modern synthetic chemistry, it is
presently feasible to design nanoparticles (NPs) and complex
nanomaterials with uniform shapes and sizes, which is really
deep
in the case of heterogeneous

helpful for gaining more insights in the -catalytic

mechanism. For instance,
catalysis, the wide size distribution of noble metals on support
as prepared by conventional impregnation method, usually
makes it impossible to precisely recognize the interface effect
on catalytic reactivity, while developed colloidal synthesis
approaches are able to solve this size-control problem, and thus
allow us to isolate the catalytic effect of each individual
parameter involved in anchored metal catalysts.

Currently, economical and effective alternative catalysts
have been generally recognized as the core of various green
technologies to meet the renewable energy demands as urgently
expected in our society, which provides higher requirements for
the production of various kinds of complex nanomaterials. To
enhance the catalytic properties and endow the nanomaterials
with multifunctionality in terms of specific area such as
photocatalysis, electrocatalysis, heterocatalysis, and so on,
many types of advanced complex nanomaterials with tunable
interfaces have been built up including metal-metal interface,
metal-oxide interface, (e.g.
and coordination

metal-non-oxide interface

chalcogenide, carbide, nitride, carbon,
polymer, etc.), and other interfaces (e.g., oxide-oxide, oxide-
chalcogenide, phosphate-tungstate, etc.). However, it is
noteworthy that although more and more isolated reports on the
construction of well-defined nanointerfaces with superior
properties have emerged in recent years, a comprehensive

overview on their synthetic strategies, unique and tailored
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properties, and various applications in nanocatalysis has not
been well summarized. While concerning the experimental and
theoretical research on physical and chemical properties, and
function principles of the fabricated interfaces based on
traditional methods, one can read some nice review papers in
the literatures.'” '* Our understanding here for engineering
nanointerfaces for nanocatalysis is from a new viewpoint,
referring to the nanomaterial science. The combination of the
efforts presented in this review is believed to pave the way to a
wide range of catalytic reactions occurring on interfacial sites.

2. Rational design and control of nanointerfaces

for enhanced nanocatalysis

2.1 metal and oxide interface

Heterogeneous catalysts, usually consisting of support
(typically metal oxides) and supported phases (typically noble
metal NPs), have been employed in a variety of important fields
involving chemical industry, pollution prevention, and energy
technology.'*'® It is generally accepted that metal oxides can
not only serve as a support to disperse metal NPs, but also
improve the catalytic properties through the interaction with
metal NPs, i.e. so called strong metal-support interaction
(SMSI)."” % Such interaction sometimes can become so
prominent that the critical role of metal-oxide interface is often
highlighted by many experimental and theoretical studies.?'"*
Recently, such a situation of strong interaction has been
particularly disclosed in the case of oxide supported noble
metal clusters or even single atoms.”® *’ Additionally, more
complicating matter is that when pre-synthesized metal-metal
or metal-oxide heterophases are subsequently deposited on the
oxides, more structural factors need to be taken into account
involving mixed metal-metal and metal-oxide interfaces. In this
sense, the rational design and careful construction of well-
defined metal-oxide interface may thus help us to obtain better

catalysts for a desired reaction.

Effect of size control and support type on interfacial reactivity

Heterogeneous catalysis is a complex chemical process
occurring at nanosize, multicomponent and dynamic solid
surfaces. It has been demonstrated that the catalytic activity and
selectivity are highly dependent on the shape, size, and surface
structure of supported metal NPs as well as oxides.”®!
Nevertheless, as real working catalysts, heterogeneous catalysts
are so complex systems that effect of aforementioned
influencing parameters on the overall performance has to be
individually investigated. In previous works with respect to
surface science and catalysis, the catalytic reaction occurring on
interfacial sites has already been revealed and extensively
for most heterogeneous

investigated. However, catalysts

prepared by conventional preparation methods such as

impregnation, co-precipitation, and even deposition-
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Fig. 1 HRTEM images of Pd/CeO, catalysts with different sizes
of Pd NPs: (a) small, (b) medium, and (c) large samples. (d)
Physical models of metal supported on CeO, to show the
distribution of surface, perimeter, and corner atoms in contact
with the support. (e) Calculated number of sites with a
particular geometry (surface and perimeter or corner atoms in
contact with the support) as a function of diameter and TOF at
80 °C of the nine ceria-based samples. Adapted with permission
from ref. 35. Copyright 2013, American Association for the
Advancement of Science.

precipitation, the wide size distribution of metal NPs may
prevent us from drawing unambiguous conclusions about
metal-oxide interface effect in catalysis. To overcome this
problem, the
monodispersity nature is urgently needed. In recent decades,

fine size-control of metal NPs to realize

with the rapid development of modern synthetic methodologies,
many strategies have been developed to obtain metal NPs with
uniform sizes and shapes on oxide support. This then can
simplify the research on interface-involved catalysis and make
the researchers understand better the reaction mechanism. In
the literatures, the most typical approach to obtain uniform
metal NPs is based on wet-chemical synthesis routes, then
colloidal deposition method is often adopted to prepare oxide
supported metal NPs.3?3® Stucky and co-
workers®® have successfully prepared monodisperse noble metal
(Au, Ag, Au—Ag, Pt, Pd) NPs, then deposited these noble metal
NPs on different types of oxide supports (Fe,O;, TiO,, ZnO,
Al,O3, and Si0O;) to unambiguously study the interface effect

For example,

between noble metal and metal oxide in the selective oxidation
of ethanol by oxygen. Very recently, by depositing size-tunable
metal NPs on the oxide supports, Murray and co-workers®>
found that the length of the CeO,—metal interfaces could be
tailored by the use of monodisperse Ni, Pd, and Pt, in which the
relative fraction of interfacial sites was varied for CeO, support.
In CO oxidation, these CeO,-based catalysts were demonstrated

This journal is © The Royal Society of Chemistry 2012

Page 2 of 21



Page 3 of 21

to be size-dependent, with a direct participation in the reaction
of metal atoms at the perimeter and CeO, oxygen lattice.
Through colloidal deposition method, many supported catalyst
systems have been developed and investigated in order to
deeply understand the interface effect in heterogeneous
catalysis. Nevertheless, in these synthetic systems, organic
capping agents (typically surfactants, polymers, biomolecules)
are often used in order to obtain metal NPs with uniform sizes
and shapes, which may block the exposure of catalytically
active sites. As a consequence, thermal treatments are usually
required to remove the capping agent covered on the surface of
metal NPs. This process may lead to the agglomeration of metal
NPs and thus ultimately complicate the research of interface
effect in catalysis. Based on this consideration, the development
of effective methods that allow the direct synthesis of metal
NPs with clean surface is promising and highly desirable.
Recently, Zheng and co-workers®® have presented a surfactant-
free strategy to prepare monodisperse Pt NPs from molecular
[Pt3(CO);(1,-CO)5]s* clusters, then deposited as-synthesized Pt
NPs on various oxides (TiO,, CeO,, Fe,0s3, and SiO,). The
results show that Fe,O; was the most effective support to make
the Pt NPs the most active in CO oxidation, revealing that the
interfaces between Pt and Fe,O; are the active sites for O,
activation in the catalytic reaction. Similar works have also

been previously reported in other catalyst systems.** 4!
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Fig. 2 Catalytic activity of (a) Pd—Cu,O and (b) Ag—Cu,O

hybrid nanostructures as a function of reaction time in the

aerobic oxidative arylation of phenylacetylene. Adapted with
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permission from ref. 45. Copyright 2013, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Shape, size, and composition control of metal-oxide hybrid
nanostructures

The above results reveal that the size of supported metal NPs
and the type of oxides can influence the interaction between
metal and oxide. Besides, recent researches have shown that the
morphologies and surface structures of oxide supports can also
affect the loading manner or depositing behavior of metal NPs
on them. This further indicates the critical role of interfacial
interaction, which can be governed by many influencing
factors. For instance, Yang and co-workers*’ found that by
using CeO, with different shapes as supports, the growth
behavior of Pt could be finely controlled on the CeO, via a e-
beam evaporation strategy. HRTEM images showed that Pt
clusters epitaxially grow on CeO, nanooctahedra and randomly
grow on CeO, nanorods. In CO oxidation reaction, Pt/CeO,
nanorods are more active than Pt/CeO, nanooctahedra. In the
cyclohexene dehydrogenation, Pt/CeO, nanorods also exhibit a
higher activity and selectivity to benzene compared with
Pt/CeO, nanooctahedra. Given the importance of morphology-
controlled SMSI in the catalytic reactions, as another case,
Tsang and co-workers* demonstrated morphology-dependent
interactions of ZnO with Cu NPs at their interface in selective
hydrogenation of CO, to methanol. They found that the
exposed polar (002) facet in ZnO plate exerts a stronger
electronic interaction with Cu than other crystal facets, giving a
higher methanol yield in CO, selective hydrogenation. Very
recently, similar work has also been reported in the case of Pd
and Ga,0; plate by his group, which makes it more selective
for CO, activation and hydrogenation.** In addition, Li and co-
workers* have reported that, through site-selective growth of
noble metals on concave Cu,0 seeds, Pd could solely nucleate
on the cavities of concave Cu,O (Fig. 2a, inset), while Ag
mainly grew on edges and vertices of concave Cu,O (Fig. 2b,
inset). This is because the nucleation of metallic components on
a substrate usually prefers to occur on highly active sites of
defects or surfaces with a large curvature, which has also been
demonstrated in other complex systems such as noble
metal/semiconductor, metal/oxide, metal/metal, and so on. In
the aerobic oxidative arylation of phenylacetylene, the highly
improved catalytic activities of these hybrid nanostructures
have been investigated relative to the single component
counterpart and their physical mixtures (Fig. 2). With the help
of XPS spectra and DFT calculation results, they consider that
synergistic effect of the hybrid nanostructures in which the
electron transfer from the noble metal part to the Cu,O host
may be responsible for the enhancement in catalytic activity.

In contrast to oxide supported metal NPs, metal-oxide
heterostructure (typically dumbbell) may provide a convenient
way to accurately control the interaction between two dissimilar
nanoscale domains, as well as their composition and size at
nanoscale tuning capability. This strategy can allow us to
isolate the catalytic effect of each individual parameter

J. Name., 2012, 00, 1-3 | 3
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involved in oxide supported metal catalysts. At present, the
approaches to construct the heterostructures are mainly based
on seed-mediated method. In the case of a dumbbell structure,
noble metal NPs are usually preformed as seeds, then oxide
epitaxially grows on the surface of metal NPs to form core-shell
structures. Upon annealing, the metal nanoparticle is finally
partially bound to metal oxide domain. Sun and co-workers*
pioneered the synthesis of Au—Fe;O, dumbbell NPs. In their
system, the size of the NPs can be tuned from 2 to 8§ nm for Au
and 4 to 20 nm for Fe;O4. After then, the dumbbell
nanostructures have been further developed and extensively
studied in catalysis, including Au—Fe;0,,Y? Pt—Fe;0,,*%3
AuAg—Fe;04,* PtPb—Fe;0,,>* PtPd—Fe;0,,> FePt—Fe;0,4,%¢
Ag—Fe;04,* °7% Au(Ag)-MnO,” Co-TiO,,"" AuPd-Fe,0,.”"
In these catalyst systems, the enhancement in catalytic activities
is proposed to arise from the partial charge or electron transfer
at the nanoscale interface, either from oxide to metal or from
metal to oxide. In heterogeneous catalysis, to further improve
the catalytic performance, the dumbbell NPs are usually
deposited onto support. In that case, two kinds of interfaces
effect in catalysis then have to be considered. It is believed that
the interface between metal NPs and oxide inside the dumbbell
nanostructure can ensure structural stability and prevent the
sintering of metal domains, while the interface between
dumbbell NPs and support can be controlled to enhance the
catalytic performance (Fig. 3). Therefore, coupling with metal-
metal heterostructures, metal-oxide dumbbell nanostructures
are emerging as a fascinating class of hybrid nanomaterials to
study the interface effect in catalysis and are expected to
expand the diversity of nanomaterials and range of potential
applications.
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Fig. 3 (a) TEM image of Pt—Fe;0, dumbbell NPs. (b) ORR
mass activity for amorphous carbon supported 5 nm Pt and
5—17 nm Pt—Fe;O4 dumbbell NPs in 0.5 M H,SO,4 with the
RDE rotation speed at 1600 rpm and sweeping rate at 10 mV/s.
(c) TEM image of AuPd—Fe;O, dumbbell NPs. (d) CO
oxidation specific rate (mmol converted CO/mmol metal
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loading per second) for both AuPd/ and AuPd-Fe,O,/Al,O;.
Adapted with permission from ref. 53. Copyright 2009
American Chemical Society and ref. 61. Copyright 2013,
American Chemical Society.

Multiple metal-metal oxide interfaces—a tandem catalyst

In heterogeneous catalysis, a fundamental understanding of
relationships between structures and properties of oxide
supported metal catalysts is of great importance to identify the
catalytically active sites. Whereafter, one can design and
construct a sophisticated catalyst for a desired reaction. In this
regard, several assembly structures with well-defined shapes
have been successfully constructed, during which the multi-
interfaces between different domains have been demonstrated
to play a crucial role in catalytic process. During past several
years, to  obtain  high-performance,  multifunctional
nanostructured catalysts for multiple-step chemical reactions,
new concepts for the rational design and assembly of multiple
metal-metal oxide interfaces referring to a tandem catalyst have
been proposed. For example, by the repeated use of the
Langmuir-Blodgett (LB) method, a CeO,—Pt—SiO, tandem
catalyst has been successfully prepared (Fig. 4). The CeO,—Pt
interface catalyzed methanol decomposition to produce CO and
H,, which subsequently

hydroformylation catalyzed by the nearby Pt—SiO, interface.

were used for ethylene
Hence, propanal was produced selectively from methanol and
ethylene on the nanocrystal bilayer tandem catalyst.®> Similar
concepts have also been introduced in other catalyst systems
such  as  TiO,~Au-Si0,,"> *  MnO,~Au-Si0,,%
TiO,—Au—Fe;0,,%' SiO,—Pt—Ti0,,% CeO,—Au—Si0,.” Inspired
by these progresses, we anticipate that the design of multicenter
and multifunctional nanostructures to optimize the catalytic
performance can also be achieved in multicomponent core-shell
structures with multi-shells.

Metal nanocubes Metal oxide nanocubes

- £ y
| - o
a—y 8 L'kti VoA et |
» &4 Fimformation = b7
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*Caly % hydroformylation (RN
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sio,

Fig. 4 Assembly process for the preparation of a nanocrystal
bilayer ‘tandem catalyst’. Adapted with permission from ref. 62.
Copyright 2011, Nature Publishing Group.

Ocxides confined on metal nanoparticle—an inverse catalyst

This journal is © The Royal Society of Chemistry 2012
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Traditional heterogeneous catalysts are usually composed of
metal NPs supported on metal oxides. In sharp contrast, recent
studies indicate that reducible transition metal oxides covering
noble metal surfaces to form the inverse catalysts could
remarkably improve the catalytic performance when controlled
in a proper way, in which the active oxide phase can be
confined by the oxide-metal interface.®*’* Taking advantage of
this newly developed concept, several groups have design
various highly efficient oxide/metal catalysts, including
TMO,/Pt (TM= Fe, Co, and Ni),***” Fe,O,/Rh,”” NiO, ,/Pt/Ni
sandwich structure.”' It is believed that this strategy will
undoubtedly expand great opportunities and stimulate extensive
investigations for rational design of oxide/metal catalysts,
referring to the concept of nanosynthesis.

2.2 Metal and metal interface

Based on the mixing pattern of two different components, three
major types of structures can be formed for bimetallic
nanocrystals (NCs): (1) core-shell structure; (2) heterojunction
structure; (3) intermetallic or alloyed structures.”” Bimetallic
NCs have already been attracting extensive scientific and
technological interest because of their superior properties
relative to their individual component, and wide use in
numerous important fields from science and engineering to
technology.” 7 Previous studies have shown that the shape,
size, composition, and surface/interface structure of bimetallic
NCs can influence their catalytic properties.”*™ In this regard,
shape-controlled synthesis of bimetallic NCs is highly desired
to regulate their performance for various catalytic applications.
The two metal components in a bimetallic system can induce
the
enhancement in catalytic performance due to their unique
properties
interfacial stabilization, and so on.”® In the following, we

synergistic effect, which is often advantageous to

including charge transfer, atomic arrangement,
concentrate our discussions of metal-metal interfacial effect in
catalysis on core-shell and heterojunction structures, due to the
presence of well-defined interfaces in the two structures.

Metal-metal core-shell structures

According to reported literatures, seed-mediated growth
method has been viewed as the most effective route to fabricate
core-shell structures, based on which the shape, composition,
and size of the core and shell can be intentionally varied to
achieve better catalytic properties.®*® For example, Sun and
co-workers® have recently reported a seed-mediated growth
approach to prepare core-shell FePtM—FePt (M=Pd, Au)
nanowires with 2.5 nm FePtM seeds and 0.3—1.3 nm thick FePt
shell (Fig. 5a-d). In oxygen reduction reaction (ORR), they
found that these FePtM—FePt nanowires exhibit enhanced
activity and durability compared with their corresponding alloy,
and show shell thickness and core composition-dependent
electrocatalytic activity. Moreover, FePtPd—FePt nanowires
exhibit a higher activity than FePtAu—FePt nanowires (Fig. Se,
f). They consider that the possible electronic effect of Pd to

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 TEM images of (a) FePtPd—FePt-0.8 and (b)
FePtAu—FePt-0.8. (c) HAADF-STEM and (d) STEM-EELS
mapping images of FePtPd—FePt-0.8. (¢) ORR specific and (f)
mass  activity summaries of the FePtPd—FePt-0.8,
FePtAu—FePt-0.8, FePt, and FePtPd nanowires as well as the
commercial Pt NPs at 0.5 V vs. Ag/AgCl (4 M KCI). Adapted
with permission from ref. 89. Copyright 2013, American
Chemical Society.

FePt may facilitate O, adsorption, activation and desorption.
The
FePtPd—FePt nanowires with a shell thickness of 0.8 nm may

highest mass and specific activity observed from
arise from the electronic effect and strain effect. Furthermore,
the nanoscale architectural control of the metal-metal interface
can be used to tune the geometric and electronic structure of the
active sites, while these characteristic properties can determine
the d-band center. For instance, as shown in Fig. 6, Tsung et
al.”® used cubic Pd NPs as seeds to successfully prepare Pd—Rh
core-island-shell NPs. Then by using post-synthesis method to
control metal migration at the atomic level, Pd—Rh nanoboxes
and Rh nanoframeworks can be obtained. In the electrocatalytic
evaluation (i.e., CO-stripping, formic acid oxidation, ethanol
oxidation, and oxygen reduction reaction), they found that the
lattice strain and composition at the surface/interface were the
most important factors influencing their catalytic behaviors.
More recently, Li and co-workers®' have developed an effective
strategy to achieve the atomic-level design of tri- or
multimetallic core-shell structures, referring to the newly
developed concept of defect-dominated shape recovery of NCs
(Fig. 7). They used concave octahedral Pt;Ni as seeds, whose

J. Name., 2012, 00, 1-3 | 5
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surfaces possess a high density of atomic steps and defects.
They then demonstrated that the third metal having the same
crystal structures and similar atomic radius with seed can
selectively nucleate on the defect sites to achieve the rational
design of trimetallic Pt;Ni@M core-shell structures (M= Au,
Ag, Cu, Rh, Ni). In subsequent catalytic reactions, by
controlling the depositing behavior and coverage density of the
third metal, they confirmed that these multicenter and
multifunctional nanostructures could significantly improve
catalytic performance due to the geometrical and electronic
effects between seed and the third metal. In addition to the
seed-mediated growth method, some other encouraging
approaches have been recently developed to achieve the

sophisticated design of bi- or multimetallic core-shell
nanostructures, involving underpotential deposition
replacement, electrochemical de-alloying and chemical-

reaction-driven reconstruction.”” Because of the flexibility in
composition and geometric structure, these multimetallic core-
shell
becoming

and even multi-shell complex nanostructures
appealing and will

opportunities for wide scientific communities.
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b
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increasingly offer new
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Fig. 6 TEM images of (a, e) Pd nanocubes, (b, f) Pd—Rh core-
island-shell nanocubes, (c, g) Pd—Rh nanoboxes, and (d, h) Rh
cubic nanoframes. A scheme in (i) shows models for the
structural evolution from Pd nanocube to Rh cubic nanoframe.
Adapted with permission from ref. 90. Copyright 2013,
American Chemical Society.
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Fig. 7 (a—c) SA-corrected HRTEM images of (a) Pt;Ni@Au, s,
(b) Pt;Ni@Au,, and (c) Pt;Ni@Aug. (d—f) Elemental maps of
(d) P;;Ni@Auys, (e) PtsNi@Au,, and (f) Pt;Ni@Aug. (g)
Schematic illustration of the evolution from octahedral PtNi; to
Pt;Ni@M;g (M = Rh, Au, Ag, Cu). (h) Schematic illustration of
the growth of Au on the Pt surface. Adapted with permission
from ref. 91. Copyright 2013, American Chemical Society.

Metal-metal heterostructures

Compared with metal-metal core-shell structures with only one
metal exposed, metal-metal heterojunction structures with both
two metals and their interface exposed are more suitable
structures to study metal-metal interfacial reactivity, and thus
have attracted tremendous research interests.”® Up to now,
several strategies have been developed to construct metal-metal
heterojunction seed-mediated
approach;”*7
successive or simultaneous reduction of metal precursors in

structures: (1) growth

(2) galvanic replacement reaction;”®' and (3)

one-step synthesis;'?"'®> By using these methods, all kinds of
metal-metal heterostructures with different dimensions, sizes,
and/or compositions have been designed and adequately
demonstrated to show enhanced catalytic or electrocatalytic
properties, due to synergetic effects of two metals in charge
transfer, interfacial collaboration, or structural strain. Inspired
by the promotional effect of metal-metal interface in catalysis,
it is pivotal to statistically acquire as many interfaces as
possible.'
recently developed one-step electrodeposition route on an

194 With this aim, Yu and co-workers'™ have

anodic aluminum oxide template to fabricate Pd—Au bimetallic
NPs tubes with a tunable interface (Fig. 8). Pd and Au NPs are
homogeneously dispersed in the tubes and thus can provide
numerous interfaces. Moreover, the interface sites can be
qualitatively controlled by tuning the proportion of Pd and Au

This journal is © The Royal Society of Chemistry 2012
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NPs. In the electro-oxidation of ethanol, they found that the
activity is principally relative to the interface sites and has no
direct relation with single metal component in the tube. This
significantly enhanced effect of Pd and Au may be ascribed to
the electronic structure and local reactivity and a significant
coupling of d orbitals at the Pd—Au interfaces.

@ Au nanoparticle
@ Pd nanoparticle

Fig. 8 (a) SEM and (b) EDX mapping images of Pd—Au
bimetallic NPs tubes. (c¢) Simplified schematic illustration of
the interface increase with increasing of the Au ratio. HRTEM
images of (d) overlapped Pd—Au particles near the edge of the
pore area, and (e) Au—Au particle interface, respectively.
Adapted with permission from ref. 104. Copyright 2013,
American Chemical Society.

2.3 metal and non-oxide interfaces
Metal-carbon interface

Carbon, as another conventionally used support, also received
renewed attentions since the thriving of nanoscience. New
polymorphs of carbon materials such as 1D carbon nanotube
(CNT),' 2D graphene,'® and analogs of graphitic carbon such
as C3N,'% have all attracted enormous interests. Unlike metal-
like conducting graphite counterpart, these new forms of carbon
materials exhibit tunable electronic structures, ranging from
metal, semi-metal to semiconducting. For example, CNT could
be tuned to metal-like or semiconducting through different
rolling styles.'”® Single layer graphene is semi metal, while
upon layer engineering, doping, or oxidation, the electronic
structure could be altered.'® This provides many possibilities to
the catalytic performance through support-metal
interactions. These carbon-supported noble metal catalysts have
been reviewed by a series of excellent papers'®*'* and the
readers can refer to them.

tune

Metal-metal chalcogenides/nitride/carbide interfaces

Apart from the most commonly used carbon and metal oxide
support, some other binary compounds (chalcogenides, nitrides,

carbides), most of which are semiconductors, can also be

This journal is © The Royal Society of Chemistry 2012
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utilized as electronic-active support materials. In terms of
nanosynthesis, chalcogenides are the most convenient to tackle
with. It is quite difficult to tune the mesostructure of nitrides
and carbides through wet chemical routes due to the high
Usually high-
temperature solid state route were utilized to prepare a nitride''®

energy barrier for formation of the phases.

or carbide support.!'! Subsequent deposition of noble metal
NPs afforded excellent catalyst, in a wide range of application,
as exemplified by electrocatalysts. Recently, colloidal route
was established for nitride'' and phosphide''® NCs, which
opened up the possibility for constructing nanointerface
between these binary compound and metal. However, in this
section, we still mainly concentrate on chalcogenides due to the
well-developed synthetic strategies.
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Fig. 9 (a) Schemes on band alignment of CdSe@CdS—Pt
nanostructure and (b) corresponding bright-field and dark-field
TEM images, (c, d) TEM images of different-length nano-
heterostructures (NHSs), (¢) Photocatatic hydrogen evolution
performance of different NHSs, (f) time course of hydrogen
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evolution of different NHSs, (g) Apparent quantum yield and
UV-Vis spectra of the NHSs, (h) rate of hydrogen evolution
under different power of illumination. Adapted with permission
from ref. 121. Copyright 2010, American Chemical Society.
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Fig. 10 (a) HAADF-STEM image of non-decorated CdS
nanorods, (b) HAADF-STEM image of CdS nanorods
decorated with Pt clusters, (¢) TEM and (d) HAADF-STEM
images of CdS nanorods decorated with both Pt clusters and a
Pt nanoparticle. (e) Photocatalytic hydrogen generation (in
mmol of H, per gram of CdS; more than 99% of incoming light
is absorbed by the sample) from an aqueous solution containing
CdS nanorods non-decorated (1) and decorated with Pt (2). The
curve (2) presents both the samples as shown in b and d (or c).
() Schematic illustration of the hydrogen generation process.
Adapted with permission from ref. 123. Copyright 2010, AIP.

Chalcogenides were usually regarded as poisons in
catalysis because sometimes the leached chalcogen species
would strongly coordinate with the noble metal atoms and
blocked the active sites.''* However, under low-temperature
conditions especially in photocatalysis or electrocatalysis, this
drawback might be avoided.

In the field of photocatalysis, chalcogenides materials have
been widely used for photocatalytic hydrogen evolution.''> To
enhance the separation of hole and electron under illumination,
noble metals, especially Pt was deposited onto the surface of

8 | J. Name., 2012, 00, 1-3
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the The
mechanism could also be regarded as the modulation of cold

semiconducting chalcogenides. underlying
electrons. With the advances in nanosynthesis, the structure of
the photocatalysts could be finely tuned as exemplified by the
recent work of Alivisatos et al.'*! They prepared CdS nanorods
and CdSe NPs @ CdS nanorods core-shell structures (Fig. 9)
with precise engineering on the size of CdSe core and aspect
ratio of the CdS nanorods. The introduction of CdSe core
constructed an inverse Type I band alignment through the
CdSe—CdS interface and facilitated the separation of electron
and hole. Furthermore, with quantum confinement effect, the
size variation also modulated the band structure of the CdSe
and hence tuned the band alignment at the CdSe—CdS interface.
The performance of these nano structures strongly depended on
the radius of CdSe core and the aspect ratio of the nanorods.
The deposition of Pt NPs on the tip of CdS nanorod
significantly enhanced the activity of photocalysis.
subsequent work, Mikhail et al.'?? etched CdS away in the
vicinity of the CdSe core and acquired even better performance.

In a

Aside from the modulation of semiconductors, the size control
of Pt is also very important and even governs the photocatalytic
activity. For example, Rogach and co-workers'*® have recently
demonstrated that CdS nanorods decorated with subnanometer
sized Pt clusters exhibit excellent activity for photocatalytic
hydrogen production, as compared to those with large Pt
nanoparticles (Fig. 10). The results presented here also indicate
substantial reduction of material costs.
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Fig. 11 (a) TEM, (b) HRTEM, and (c) HAADF-STEM images
and (d) EDX analysis of Ag,S—Au—Pt nanocomposites. (€)
TEM, (f) HRTEM, and (g) HAADF-STEM images and (h)
EDX analysis of Ag,S—Au—Os nanocomposites. (i) TEM, (j)
HRTEM, and (k) HAADF-STEM images and (1) EDX analysis
of Ag,S—Pt—Os nanocomposites. (m) TEM, (n) HRTEM, and

(o) HAADF-STEM images and (p) EDX analysis of
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Ag,S—Au—Pt—0Os nanocomposites. Adapted with permission
from ref. 124. Copyright 2011, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.

Apart from the improvement of the chalcogenides by
noble metal, the chalcogenides could also serve as support to
enhance the functionality of the noble metals. Similar to oxide
support, electron communication between the chalcogenide and
noble metals explained the synergic effects. For instance, Ying
et al reported a general synthesis of nano silver sulfide (Ag,S)-
supported noble metal electrocatalysts via a phase-transfer
method,'** including Ag,S—Pt, Ag,S—Au—Pt, Ag,S—Au—Os,
Ag,S—Pt—0Os, Ag,S—Au—Pt—Os nanocomposites, etc. (Fig. 11).
The noble metals were grown on Ag,S NPs as small islands, as
evidenced by TEM, HRTEM, HAADF-STEM and EDX
analyses. The oil-water interface was crucial for the control of
these nanostructures, through well-regulated mass-transfer and
reaction. They carried out XPS investigation on Pt and
proposed that electrons flow to Pt and bring about the
improvement in performance and stability in CO-stripping and
methanol oxidation reaction. Further studies also incorporate
these metal-sulfide-based heterostructure into thermal catalysis
of a three-component coupling reaction and the interface
between metal sulfide (CdS, PbS) and gold also facilitate the
activation of alkynes. These sulfide supported noble metal
catalyst stand for alternatives toward conventional oxide-
supported catalyst in terms of convenient wet-chemical
processing and structure-tunability.
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Fig. 12 (a) TEM and (b) SAED pattern of the Pd- single layer
MoS, heterostructure, (c) corresponding HRTEM images, (d)
digital graph of dispersion of Pd—MoS, NHSs, (e) i-V scans
and (f) Tafel plots of commercial Pt—C, MoS, and Pt—MoS,
electrocatalysts, in 0.5 M H,SO,. Adapted with permission
from ref. 126. Copyright 2013, Nature Publishing Group.

In addition to traditional chalcogenide NPs, recently,
grapheme-like, layered transition metal chalcogenides (such as
MoS,, WS,) have attracted lots of attentions in electrocatalysis,
especially hydrogen evolution reaction (HER).'?*> The tendency
to grow in two dimensions also initiates the possibility to tune
the sulfide-metal interface through crystal-facet engineering of
both parts. Zhang et al realized the epitaxial growth of noble
metal NCs (Pd, Ag, Pt) with diameters below 10 nm on a
single-layer MoS, nanosheet (Fig. 12).'”® They analyzed the
epitaxial orientation and found that the nanostructures show the
major (111) and (101) orientations on the MoS, (001) surface.
The as-obtained Pt—MoS, composite exhibited enhanced
performance towards the HER reaction when compared with
both the single component. XPS was carried out to reveal that
there existed electron transfer between Pt and MoS,. The
authors proposed that the defined crystal facets and the
selective orientation at the interface would be beneficial for its
functionality. However, further control experiments based on
systematic control of different exposed facets or crystal axis
through the interface are required to verify the assumption.

In the last decades, hot electrons from excitation by
photons received emerging attentions due to the clean and
sustainable feature of the solar energy.'?” Metal-semiconductor
nano-junctions stand for an efficient platform to utilize hot

electrons. In a recent work by Jeong et al.,'*®

single-tipped and
double-tipped Pt—CdSe matchstick-like nanoheterostrucutre
were 13). Pump-probe

experiments revealed that Platinum NPs efficiently extracted

successfully synthesized (Fig.
electrons from the CdSe nanorod. Then CO oxidation was
tested on this heterostructure and it was found that upon photo
excitation, the TOF values increased significantly in a wide
range of temperature. As a proof of the concept, if the platinum
NPs were grown on an insulating silica substrate, such a photo
enhancement in reactivity disappeared. Furthermore, differently
doped n-type and p-type GaN substrate was also tested to prove
the hot-electron effect in platinum based metal-semiconductor
junction.

As a future prospect on metal-chalcogenide nanointerface,
we would like to highlight the recent progress in size,
composition and shape controlling of the metal nanoparticle in
a metal-chalcogenide heterojunction. As known in size-,'*’

composition-"** and shape-** tuning in single metal

nanoparticle, these factors are proven to be quite crucial for the
catalytic metal-sulfide

heterostructure, the fine tuning of these features remains fresh

performance. However, in a

and undeveloped. Yang et al. demonstrated the growth of Pt

based alloy NPs, such as PtNi and PtCo on the tip of CdS
nanorod (Fig. 14)."*' Ryan et al. reported size-selective growth

J. Name., 2012, 00, 1-3 | 9
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of Au NPs on tips of CdSe nanorod (Fig. 14)."*? Alivisatos et al
realized the deposition of Pt nanocube and the exposure of
{001} facets of them on a CdS nanorod (Fig. 14)."**> However,
no further contributions on the property-structure relationships
were carried out on these delicate nanostructures. We foresee
that with the future thriving in synthesis of size, composition
and facet-controlled metal-sulfide nanoheterostructure, the

functionalities of them would be exploited.
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Fig. 13 (a) Scheme of hot-electron formation and catalysis in
CO oxdiation by O,, TEM image of (b) singly and (c) doubly
tipped Pt on CdSe nanorod, (d) pump-probe experiments of
Pt—CdSe and CdSe, (e¢) Plots and (f) column graphs on the
catalytic performance of Pt—CdSe at different temperatures, (g)
data on catalysis of CO oxidation by Pt—SiO,, (h) TOFs values
under different intensities of illumination. Adapted with
permission from ref. 128. Copyright 2013, American Chemical
Society.

Furthermore, it is noted that, apart from the decoration of
semiconductors with noble metals for nanocatalysis, some co-
catalytic systems like CdS—MoS,,!** CdSe—MoS,,'*’ and other
hybrid nanomaterials'*® have also received increasing interests,

10 | J. Name., 2012, 00, 1-3
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especially in the area of photocatalysis. In such a context, very
recently, our group has successfully synthesized 1D/2D helical
CdS/Znln,S, nano-heterostructures (Fig. 15). It was proposed
that the mismatches in lattice and dangling bonds between 1D
and 2D units are responsible for the formation of nano-
hetrostructures. The resultant well-defined interface between
CdS nanowire and ZnIn,S; nanosheet induces the delocalized
interface states, thus facilitate the charge transfer and enhance
the performance in the photoelectrochemical cells.'”” The
results presented here are expected to open up exciting
opportunities for the construction of more complex 1D/2D
hybrid nanostructures with multifunctionalities. In view of the
key role of noble metals in nanocatalysis, as a proof of concept,
occasionally subsequent deposition of noble metals on these
hybrid nanostructures could further enhance their catalytic
performance.'*®
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Fig. 14 (a-f) TEM and EDX analysis of the PtNi and PtCo on
CdS nanorod, (g-i) growth of different-size gold tips on CdS
nanorod, (j) growth of Ptnanocube on CdS nanorod, (k)
HRTEM and SAED analysis on the crystal orientation. Adapted
with permission from ref. 131. Copyright 2008, American
Chemical Society. Adapted with permission from ref. 132.
Copyright 2010, The Royal Society of Chemistry. Adapted with
permission from ref. 133. Copyright 2013, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

2.4 Confined space nanointerfaces as nanoreactors

Finally, we would like to note some new type of nanointerface,
especially the interface in the confined space. These confined
spaces would introduce benefits such as enhanced stability or
activity.

Metal on the inner wall of nanotubes

The first example involves the noble metal catalyst located in
the inner surface of CNT. In CNTs, due to the rolling and

This journal is © The Royal Society of Chemistry 2012
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Fig. 15 (a) TEM, (b) HRTEM, (c) Model images of helical CdS
nanowire/Znln,S,; nanosheet heterostructures. (d) The atom
arrangement after DFT relaxation at the interface. Cd green, S
yellow, Zn blue, In brown. (¢) Comparison of photocurrents. (f)
i-V scans of samples. Adapted with permission from ref. 137.
Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

corresponding stress, the pi-electron wave-function would
differ between the inner and the outer wall of the CNT."*’ The
incorporation of metal NPs inside this type of electron-
conducting support would bring significantly different
properties that do not only come from spatially confinement, as
compared to conventional electron-insulating support, such as
mesoporous silica. Base on this concept, Bao et al.'"*" realized
the site-selective deposition of the RhMn NPs through capillary
forces of the tubes in a wet chemical approach (Fig. 16). The
site-selective deposition of RhMn NPs inside the CNT leads to
one order of magnitude of increase in reactivity for production
of ethanol from CO and H,. While the selectivity toward CHy, a
byproduct, also significantly decreased. The authors proposed
that because the inner wall of the CNT was more electron-
deficient, the dissociation of the C—O bond became easier, thus
the overall TOF was increased. This brings light to new
the
heterogeneous catalysts via confinement of metal NPs inside
CNTs. 141-143

opportunities  in development of high-performance

This journal is © The Royal Society of Chemistry 2012
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Besides CNT, inorganic nanotube could also be adopted to
construct a nanointerface in confined space. Recently, Gong et
al.'  utilized Cu NP inside copper phyllosilicates
(Cu,S1,05(0OH),) nanotube (Fig. 17) as an efficient catalyst for
the hydrogenation of dimethyl oxalate to produce ethanol. The
selective loading of copper species inside or outside the
nanotube was also controlled by capillaries. They have checked
that the Cu NPs were efficiently loaded inside the tube by
tilted-angle TEM. Similar to the case of CNT, this new type of
nanoreactor showed enhanced reactivity and stability than Cu-
outside-nanotube catalyst. They have discussed the possible
reason for the enhancement might be the suitable
[Cu(0)]/([Cu(0)]+[Cu’]) ratio and the prolonged contact of the
reactant gas with the copper NPs. The tunable length of the
nanotube reactor would also influence the selectivity toward
ethanol.

«————CO+H,

Carbon nanotube

j=n

Rh-based catalyst

Yield of C2 oxygenates (mol mot-' Rh h=")
(%) unnoajes *Hy

20 300 810 320 330
Temperature (C)

4~ Ethanol

Fig. 16 (a) TEM image of Rh in CNT nanostructure, (b) yield
of ethanol and selectivity of CH, at different temperatures for
Rh in CNT and Rh on CNT structures,
illustrations of the catalysis process inside a CNT. Adapted
140. Copyright 2007, Nature

(c) schematic

with permission from ref.
Publishing Group.

Metal inside 3D porous support

During the last two decades, mesoporous materials were widely
adopted as support materials in catalysis science.!* The
benefits from mesoporous support included higher thermal
stability toward sintering, pore-size induced molecular
selectivity and lower pack density, etc..'*® As this field has been
intensively reviewed, we would not mention them. Recently,
47 a new type of porous

materials, have attracted tremendous attentions in the field of

Metal organic frameworks (MOFs),

catalysis. Metal-inside-MOF materials are also intriguing and
novel materials. By confining noble metal NCs inside MOF
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Fig. 17 (a-d) TEM at different tilted angles, (e) yield of ethanol
at different reaction time, for different catalysts, (f) schemes on
the formation process of Cu-in-CuPSNTs catalyst. Adapted
with permission from ref. 144. Copyright 2013 Nature

Publishing Group.

structures, these porous materials may serve as well-designed
interface between reactants and the target catalysts, based on
which the catalytic efficiency and selectivity of noble metal
NCs may be enhanced. For example, Xu and co-works'*®
recently reported the use of “double solvents” approach to
incorporate ultrafine Pt NPs into the cavities of MOFs
(Pt@MIL-101), which show superior catalytic performance for
solid-phase (ammonia borane thermal dehydrogenation), liquid-
and gas-phase (CO
oxidation) reactions. In fact, similar work has also been

phase (ammonia borane hydrolysis),

previously reported.'**!>! These results open up an opportunity
to tune catalytic performance via the incorporation of ultrafine
metal NPs (cluster) within highly porous MOFs. Another
delicate example on fine tuning of metal-inside-MOF was
presented recently by Huo et al.'"*? Through the addition of pre-
synthesized PVP-capped NPs into synthetic solution of ZIF-8,
various type of NPs, such as noble metal (Au, Pt),
semiconductor (CdTe), Magnetic (Fe;O,), up conversion
(NaYF4Yb) and polymer (polystyrene) were successfully
encapsulated into well-controlled ZIF-8 NPs (Fig. 18). They
proposed that PVP, as a polymer, played crucial role in this
process as an efficient glue-like connector. The selective
catalytic hydrogenation of alkenes with different molecular
shapes by the Pt NPs and selective luminescent quenching of
CdTe quantum dots were demonstrated. However, when using
these types of materials in catalysis, high temperature should be
avoided otherwise the organic part would be deteriorated.
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Fig. 18 (a) Catalytic conversion of hexene and cyclooctene for
different catalysts, ZIF-8, Pt/ZIF-8, T-Pt@ZIF-8, Pt/CNT, (b)
Magnetic property of Fe;O4@ZIF-8, (c) Up conversion spectra
of NaYF,@ZIF-8, (d) Fluorescence spectra of CdTe/ZIF-8, (e)
Scheme on the incorporation of NPs into ZIF-8 NCs. Adapted

with permission from ref.

Publishing Group.

152. Copyright 2012, Nature

Very recently, our group has successfully prepared a series
of well-defined MOF (MOF-5, Fe"-MOF-5, Fe"-MOF-5) and

Fe-based infinite

coordination polymer

(ICP) hollow

nanocages through one-pot solvothermal method. Impressively,
by adding the pre-synthesized noble metal NPs into the
synthetic solution of these hollow nanocages, the yolk-shell

noble metal @MOF nanostructures can be fabricated. In the

liquid-phase  selective

hydrogenation

of 1-chloro-2-

nitrobenzene, these yolk-shell structures show superior catalytic
performance relative to the pure yolk (Fig. 19), which may arise

from hydrogen enrichment in the MOF shells to accelerate the

hydrogenation process,

or

the
nanostructures serving as confined nanoreactors for catalysis.

construction of hollow

153

Similar works for developing this concept have also been
presently reported.'>*!5® Considering that MOF-based materials
with tunable sizes and even chiral pore structures have been

This journal is © The Royal Society of Chemistry 2012
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well developed, great research potential can be expected in this
field.

Tima (h)

Fig. 19 (a) TEM images of the PdACu@Fe"-MOF-5 yolk-shell
structures produced by the encapsulation of pre-synthesized
NPs in the Fe"-MOF-5 hollow structures, (b) Yield (%) as a
function of time in the selective hydrogenation of 1-chloro-2-
nitrobenzene with PdCu dendrites and PdCu@Fe™-MOF-5
yolk-shell structures. Adapted with permission from ref. 153.
Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

2.5 Methods for controlling well-defined interfaces

Rationally engineering interfaces to achieve high-performance
catalysts has been demonstrated in various types of composite
nanomaterials. To date, a wide variety of strategies have been
developed towards the rational design and fine control of
complex nanomaterials with well-defined interfaces. In the
following, we focus our attention on the most commonly used
and newly developed techniques of controlling well-defined
interfaces, irrespective of the specific nanomaterial.

Direct deposition of pre-synthesized nanocrystals on supports
with or without well-defined shapes

It’s well known that heterogenous catalysts are complex
systems, in which several parameters at least including particle
size, structure, and composition of the supported NCs together
with support usually strongly govern the performance of the
catalysts. In most cases, it is inherently difficult to
the by tuning

parameters for a desired reaction. Hence, to separate these

simultaneously optimize catalysts these
complex factors in catalyst formulation and study them
individually in a systematic manner, it is extremely meaningful
to aforehand synthesize the single component with well-defined
shapes. Then one can deposit the preformed NCs onto support
to investigate interfacial effect in catalysis, in which the support
with or without well-defined shapes can be used in view of
specific purposes. If the deposition process does not change the
sizes and shapes of supported NCs, then the effect of support on
the catalytic activity can be indeed isolated from other factors,
and vice versa. Currently, the colloidal deposition method has
been applied to allow the deposition of metal on various

This journal is © The Royal Society of Chemistry 2012
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support nanomaterials involving the conductors,

semiconductors, insulators, and so on.

Seed-based epitaxial growth

As a solution-phase analogue of conventional vapor-phase
heteropitaxial deposition, seed-based epitaxial growth has been
commonly employed to fabricate composite nanomaterials with
well-defined shapes, in which the seed serves as primary
substrate center for accommodating secondary component. In
most cases, core-shell and heterojunction nanostructures are
often prepared by this approach. Uniform coverage of the
secondary component on the preformed seed during the growth
favors the formation of core-shell nanostructures, while the
nucleation and growth of the epitaxial component on specific
sites of the seed yields heterojunction or other hybrid
nanostructures. What’s more, the multi-shells on original seeds
as a core can be fabricated by repeatedly using the seeded
process, which can endow the nanomaterials with
multifunctionality. In the seed-mediated growth process, the
morphology of the final nanostructures is strongly guided by
the structure, shape, and size of the seeds, and the seeded
growth environment (e.g., reducing agent, solvent, capping
agent, etc.). In the case of bimetallic NCs, it has been
demonstrated that the interactions between the epitaxial domain
and the preformed seed are highly dependent on several
physical parameters such as lattice match, atomic radii, bond
dissociation energies, correlation of surface and interfacial
energies. In addition to the colloidal synthesis of bimetallic
NCs, the epitaxial growth of noble metals on other substrates
such as metal oxides/chalcogenides/carbides/nitrides has also
been reported, which is generally driven by lattice match or
interfacial energy between noble metal and substrate.

Shape-evolution of catalysts driven by lattice match or reactions

It is known that the nanometer-sized particles are usually
thermally unstable relative to their bulk counterparts. In some
cases, the changes in structure, size and surface composition of
the NPs can be apparently observed during catalytic reaction in
different reaction environments or at an elevated
temperature,'>’'®* which may thus lead to the reconstruction of
interface between two domains. In the case of the catalysis,
these changes can endow the nanomaterials with distinctive
reactivity. For example, Somorjai and co-workers'”’ have
demonstrated that the surface composition and chemical state of
core-shell RhysPdys NPs can undergo dramatic and reversible
changes in response to oxidizing or reducing condition.
Recently, inspired from the Deacon catalyst in which RuO, can
form epitaxial layers on the surfaces of Rutile TiO,, our group
recently investigated the shape evolution process of RuO, NPs
on the surface of P25 TiO,. It was found that size effects take
place in this process and RuO, NPs with sizes ~sub-2nm can be
transformed into epitaxial layers while NPs with larger sizes are
not inclined to modulate their morphologies. Based on a
thermodynamic model, we consider that the surface tension and
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interfacial lattice match between the NPs and substrates could
be responsible for such transformation process (Fig. 20).'
Recently, with the help of a DFT study, similar phenomena
could have been found in other binary rutile MO, compounds
(M=Ir, Ru, Sn, and Ti).'®® Based on the above facts, careful
the

morphology, and surface/interface structure of the studied

characterizations and in-situ monitoring in size,
catalysts during the reaction are very important, which is
suggestive for the fundamental understanding of interface effect

in catalysis.

4G
fie)

Mechanism analysis

Fig. 20 of the stability of RuO,
nanostructures on the surface of TiO,. (a) Interfacial tensions at
the boundary between TiO, substrate and RuO, epitaxial
nanoparticle with a large contact angle, modeling the surface
structure of the initial catalyst prepared via hydrothermal
method. (b) Surface structure of lattice-matched RuO,epilayer
on the surface of TiO,, where the surface tension of the
substrate (cs) is approximately equal to that of the epilayer (ce)
because of the high degree of latticematch between RuO, and
rutile. (c) Free energy diagramfor the phase transition of a
nanoparticle explaining the instability of sub-2-nm RuO,
catalyst. (d) Effect of particle shape on the phase transition
tendency of epitaxial layers on substrates expressed by the
varied free energy change (DG). The inset is the diagram of
angular factor f(h), the function of contact angle that depicts the
equilibrium particle shape on a substrate. Adapted with
permission from ref. 161. Copyright 2012, Right Managed by
Nature Publishing Group.

Polymer-assisted epitaxial growth as possible candidate

In comparison with conventional physical and chemical
vapour-phase deposition techniques used for the epitaxial
growth of noble metals or metal oxide on a bulk substrate, wet-
chemical epitaxial growth has recently received considerable
interests due to several advantages such as relatively low cost,
ease of manipulation and versatility. As one of several chemical
solution deposition approaches, polymer assisted epitaxial
growth has attracted increasing attention and has been viewed
as the most promising route, where metal ions are bound to
polymers as the film precursor. At present, this route has been

14 | J. Name., 2012, 00, 1-3

extensively applied to produce high-quality films for a wide
range of materials such as metal-oxides, metal-nitrides, metal-
carbides, and single element.'®*!%° Moreover, the deposition of
epitaxial phases can occurs on exterior and interior surfaces of
The
the homogeneous

the substrates regardless of the sizes and
of this
distribution of metal precursors in the solution and thus the

shapes.
advantages technique lie in
ready formation of crack-free epitaxial films on the substrates
in a conformal fashion. More importantly, to obtain improved
functionalities, the composite nanomaterials can be coated on
the surface of the substrates based on this method.

3 Conclusion and prospect

Nowdays, among various green chemistry and low
environmental impact technologies towards renewable energy,
catalysis has been regarded as the focus of such greener
technologies, which in turn facilitates the production of
nanomaterials, especially metal-based composite nanomaterials.
Traditionally, it is difficult to gain a deep insight into the
interfacial effect on catalytic performance in real working
catalysts, arising from the coexistence of complex factors
(shape, size, support effects, etc.). Thanks to the successful
introduction of nanoscience to material synthesis, it now
becomes possible to isolate the catalytic impact of each
the supported

Meanwhile, regarding design of novel and efficient catalysts

individual factor involved in catalysts.
towards renewable energy, it is crucial to maximize the
interfacial area in a sense. Fundamental understanding of the
interactions between two domains as well as their structural

properties is essential for successful design and manipulation of

complex nanomaterials with well-defined interfaces. The
combination of different nanomaterials makes it possible to
produce novel and/or enhanced functionalities that the

individual component does not possess. To date, the wet-
chemical synthesis has been recognized as one of the most
promising strategies towards the fine control of complex
nanomaterials with well-defined interfaces, involving metal-
(e.g.,
carbide, nitride, carbon, coordination polymer), and other

oxide, metal-metal, metal-non-oxide chalcogenide,
interfaces. In the case of nanocatalysis, the prominent role of
the interface between two components has been demonstrated
by many experimental and theoretical investigations. Having
said that, much more research efforts still have to be dedicated
to unveil the intrinsic catalytic mechanism involved in complex
reactions.

it has been established that the

interactions between metal and attached domain generally arise

In the literatures,

from several factors such as electronic, steric, lattice strain or
ensemble effects. However, in spite of previous research
efforts, the amphibolic or inconclusive reaction mechanism
over the studied catalysts is still usually proposed, resulting
the
interference of numerous complicated factors such as organic

from inadequate nanomaterials characterization and

capping agent, structure change, reaction condition, and so on.
In particular, it should be mentioned that in most cases the

This journal is © The Royal Society of Chemistry 2012
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capping ligands are often used to direct the synthesis of uniform
nanomaterials, which may hinder the catalytic activity to some
extent. Therefore, developing surfactant-free synthesis or
surface-clean strategies to design high-performance catalysts is
especially required and deserves more studies. Furthermore, to
meet the versatile demand in the catalysis, the accurate
construction of complex nanomaterials with multiple synergic
functions remains a major challenge and still need to be
extensively explored, which requires developing a higher

degree of synthetic ingenuity and creativity.
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