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Controllable integration of noble metal (e.g., Au, Ag, Pt, and Pd) and metal oxide (e.g., TiO2, CeO2, and 
ZrO2) into the single nanostructures has been attracting immense research interest in heterogeneous 
catalysis, because they not only combine the properties of both noble metal and metal oxide, but also 
bring the unique collective and synergetic functions in comparison with single-component materials. 
Among many strategies recently developed, one of the most efficient ways is to encapsulate and protect 10 

individual noble metal nanoparticle by a metal oxide shell of the certain thickness to generate the core-
shell or yolk-shell structure, which exhibits the enhanced catalytic performance compared with 
conventional supported catalysts. In this review article, we summarize the state-of-the art progress in 
synthesis and catalytic application of noble metal nanoparticle@metal oxide core/yolk-shell 
nanostructures. We hope that this review will help the readers to obtain better insight into design and 15 

application of the well-defined nanocomposites in energy and environment. 

1. Introduction 
Catalysis is an old but evergreen field, which is now 

accounting for over 90% chemical processes and production of 
60% chemicals worldwide.1, 2 In order to satisfy the urgent 20 

demand of high-performance catalysts with the characteristics of 
excellent activity, good selectivity and remarkable stability, 
catalysis, especially heterogeneous catalysis, has been undergoing 
comprehensive studies and innovative advances accompanied 
with the great progresses in nanoscience and nanotechnology 25 

over the past decade.3 Different from the conventional bulk 
catalysts, size shrinkage of the active components to the 
nanometer scale usually gives rise to significant increase in the 
catalytic activity due to the high surface-to-volume ratio of small 
particles as well as a large fraction of active atoms with dangling 30 

bonds exposed to the surface.4 In addition, other unique 
properties of nanomaterials such as surface- and strain-driven 
lattice distortion, variation in electronic state density and 
oxidation-induced charge redistribution could also benefit the 
catalytic performance.5, 6 Thanks to the rapid advances in 35 

synthesis chemistry, nanomaterials with well-defined sizes, 
shapes, crystal facets, structures and compositions are available,7-

10 which have been providing many opportunities for developing 
catalysts with excellent activity for energetically challenging 
reactions, high selectivity to valuable products, and long-term 40 

stability under the tough reaction environment. 
Among a variety of nanocatalysts developed, controllable 

integration of different materials such as noble metals (e.g., Au, 
Ag, Pt, and Pd) and metal oxides (e.g., TiO2, CeO2, and ZrO2) 
into the single nanostructures has recently become one of the 45 

hottest research topics, because they not only combine the 

function of individual nanoparticles (NPs), but also bring the 
unique collective and synergetic catalytic properties compared 
with single-component materials. Traditionally, these composites 
are easily prepared by various methods such as impregnation,11, 12 50 

coprecipitation,13 deposition-precipitation,14 and so on. The 
products prepared by the conventional methods are characteristic 
of noble metal NPs dispersed on high-surface-area metal oxides, 
in which small noble metal NPs have high surface energy and 
tend to migrate and sinter into larger particles during the catalytic 55 

reactions, leading to loss of the unique properties registered in the 
original NPs.15, 16 To design the high-performance catalysts, 
many strategies have been adopted and can be generally classified 
into four categories: (1) Confinement of noble metal NPs into 
mesoporous supports,17, 18 (2) modification of the supports,19 (3) 60 

replacement of monocomponent noble metal NPs with alloy 
NPs,20, 21 and (4) encapsulation of noble metal NPs into the 
supports with the core-shell structure.2 2 - 2 6  The former three  
 

  65 

Fig. 1 Using core-shell nanostructures as an alternative of conventional 
supported catalysts for inhibiting the migration and aggregation of small 
noble metal NPs into big ones during the catalytic reaction processes. 
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methods may improve the catalytic performance to some extent, 
but cannot completely avoid migration and aggregation of noble 
metal NPs. As a comparison, the last one is a more effective way, 
because the core-shell micro-/nano-architectures have high 
chemical/thermal stability and recyclability (Fig. 1). 5 

Noble metal@metal oxide core-shell nanostructures have been 
attracting great attention due to their unique structural features 
and physicochemical properties, since the pioneering work on 
homogeneous SiO2 coating Au NPs was reported by Liz-Marzán 
et al.27, 28 Until now, a lot of work has been performed to design 10 

and construct different nanocomposites containing noble metal 
NP cores and metal oxide shells. Accordingly, the obtained 
products can be simply divided into five categories: (1) Core-
shell structures refer to single noble metal core uniformly 
surrounded by a metal oxide shell,21-23, 26 (2) yolk-shell or rattle-15 

type structures represent single movable noble metal core inside 
hollow metal oxide shell,27 (3) sandwiched structures stand for 
multiple noble metal NPs as an interlayer embedded into metal 
oxide shell,29-31 (4) multiple noble metal cores coated with metal 
oxide shell,32-36 and (5) multiple noble metal NPs embedded 20 

within metal oxide matrixes.37-43 Among the above cases,44 
individual noble metal NP is isolated in the core/yolk-shell 
nanostructure that enables effective inhibition of the migration 
and sintering of noble metal active components, suggestive of 
their great potential in practical applications. Moreover, in the 25 

core-shell nanostructures, the interfacial area of noble metal NP 
core and metal oxide shell is maximized, thus strengthening the 
interaction and electronic transfer between them. Meanwhile, the 
yolk-shell structure is characteristic of a free noble metal core 
inside a hollow shell with a relatively homogeneous surrounding 30 

environment, allowing for exposure of all the active sites to 
contact with the reactants during the catalytic process.  

Based on their significance in catalysis, we intend to give a 
focused review of recent progress about the construction and 
catalytic application of noble metal NP@metal oxide core/yolk-35 

shell nanostructures. In this review, we firstly summarize the 
state-of-the art progress of strategies for preparation of noble 
metal NP@metal oxide core/yolk-shell nanostructures with well-
defined sizes, shapes and compositions. Subsequently, 
heterogeneous catalytic performances of these core-shell typed 40 

nanostructures in terms of activity, selectivity and stability are 
introduced based on a series of model reactions such as carbon 
monoxide oxidation, hydrogenation or selective hydrogenation, 
and selective oxidation. Afterwards, the relationship between the 
core/yolk-shell nanostructures and catalytic performances is 45 

discussed in comparison with conventional supported catalysts. 
Finally, we propose the emergent challenges and future 
developments of the core/yolk-shell structured nanocatalysts. 
 

2. Methodologies for fabrication of noble metal 50 

NP@metal oxide core-shell nanostructures 
Noble metal NP@metal oxide core-shell nanostructure is one 

of the simplest motifs in two-component systems, but their 
synthetic process is rather complex since they are susceptible to 
many experimental parameters including precursor, solvent, pH 55 

value, reaction temperature, reaction time, surface chemistry, and 
so on. Among these, the key issue involved is how to effectively 

balance the heterogeneous nucleation and controllable growth of 
metal oxide materials onto noble metal NP surface against self-
nucleation and inhomogeneous growth. Many types of noble 60 

metal NP@metal oxide core-shell nanostructures, e.g., 
Au@TiO2,45-47 Au@CeO2,22 Au@Cu2O,48-52 Au@Fe2O3,53 
Au@Fe3O4,54 Au@ZnO,55 Au@SnO2,56,57 Ag@Cu2O,58 
Ag@CeO2,59 Ag@ZnO,60 Ag@Fe3O4,61 Ag@SnO2,62 and 
Pt@TiO2,63 have been successfully achieved by various strategies 65 

developed. Generally, the synthetic strategies for noble metal 
NP@metal core-shell nanostructures can be outlined into three 
groups: (1) Seeded growth based two-step method, where noble 
metal NPs are firstly synthesized as the seeds, followed by 
formation of metal oxide shells. (2) One-pot method, involving 70 

simultaneous formation of both the noble metal cores and the 
metal oxide shells. (3) Partial oxidation of the outside layer of 
noble metal NPs or selective oxidation of shell of binary metal NPs. 
 

2.1 Seeded growth based two-step method 75 

The Seeded growth method has been widely adopted for 
preparation of the core-shell nanostructures since they are 
straightforward to be applied and have the advantages for easily 
controlling the size, shape and structure of the final products. 
Normally, this method involves two-step process: (1) Preparation 80 

of noble metal cores with uniform sizes, shapes and structures, 
and (2) coating metal oxide materials onto the noble metal 
surfaces to form the core-shell nanostructures. So far, using noble 
metals as the seeds for direct metal oxide coating can be achieved 
via three possible modes: (1) Noble metal seed-directed epitaxial 85 

growth, (2) molecule-functionalized noble metal seeds for direct 
metal oxide shell coating, and (3) hydrothermal-assisted 
heterogeneous nucleation and growth. By tuning the experimental 
conditions, noble metal NP@metal oxide core-shell 
nanostructures with various core and shell materials have been 90 

achieved using the solution based approaches. 
 
2.1.1 Noble metal seed-directed epitaxial growth 

The prerequisite condition of the epitaxial growth method is 
that the lattice mismatches between different materials are less 95 

than 5%.64 As for noble metals and metal oxides, owing to their 
large lattice mismatch, the obtained hybrids are usually in the 
form of heterodimer- or dumbbell-like nanostructures with phase 
separation-like growth mode, such as Au-ZnO,65 Au-Fe3O4,66, 67 
Ag-Fe3O4,68 and Pt-Fe3O4.69 100 

An exceptional metal oxide is Cu2O, which has a good 
chemical affinity to noble metal NPs with a relatively small 
lattice mismatch, preferring to form a compact and crystallized 
shell around noble metal NPs. As a result, many Cu2O-based 
core-shell nanostructures like (Au, Ag, Pt, or Pd)@Cu2O have 105 

been successfully synthesized.48, 49, 52, 58, 70, 71 For example, Huang 
et al. constructed Au@Cu2O core-shell nanostructures by using a 
mixed solution containing CuCl2, sodium dodecyl sulfate (SDS), 
Au NP seeds, NaOH, and NH2OH·HCl,70 which were added in 
sequence. When different-shaped Au NP cores including 110 

octahedra, highly faceted NPs, nanorods, and triangular plates 
were used as the seeds, the corresponding morphologies of core-
shell Au@Cu2O nanostructures were cuboctahedral, truncated 
stellated icosahedral, pentagonal prism and truncated triangular in 
turn (Fig. 2). Cross-sectional transmission electron microscopy 115 

Page 3 of 17 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

(TEM) and high-resolution TEM (HRTEM) images indicated that 
Au NP seeds guided the growth of Cu2O shells with 
morphological and structural control. The (111) planes of Cu2O 
were found to grow epitaxially on the {111} facets of Au NPs for 
most of the cases examined, while the (200) planes of Cu2O 5 

deposited over the {200} facets of Au NPs to form the interfaces. 
The lattice mismatch between the (111) planes of Au and the 
(111) planes of Cu2O was about 4.5%, and 4.7% between the 
(200) planes of Au and the (200) planes of Cu2O. Subsequently, 
Mokari et al.48 demonstrated that different noble metal 10 

NP@Cu2O core-shell structures including Pt nanocubes and Pd 
nanocubes could be achieved, while Ag spherical plates as cores 
using the similar procedure was also reported by Huang et al.70 It 
should be pointed out that there is considerably big lattice 
mismatch between Cu2O and other noble metals (Pt, Pd and Ag), 15 

so the seed-directed epitaxial growth would be less expected. 
Fortunately, the surface reconstruction is occurred in the growth 
process of the Cu2O shell, which may effectively release the 
interfacial stress caused by the lattice mismatch, giving rise to 
production of varying CuO-based core-shell nanostructures. We 20 

anticipate that this approach can be extended to preparation of 
other complex noble metal NP@Cu2O structures with well-
defined facets.52 
 

 25 

Fig. 2 Scanning electron microscopy (SEM), TEM, cross-sectional TEM 
and HRTEM images (red square regions) of the Au@Cu2O core-shell 
nanostructures. (a1, a2, a3) Cuboctahedral heterostructures made from 
octahedral Au NP cores. (b1, b2, b3) Truncated stellated icosahedra 
formed from highly faceted Au NP cores. (c1, c2, c3) Cu2O shells with 30 

pentagonal prism shape from 5-fold-twinned Au nanorods as templates. 
(d1, d2, d3) Thick truncated triangular Cu2O plates formed from 
triangular and truncated triangular Au plates as templates. The Cu2O 
plates are slightly concave with thinner central triangular portions. The 
(111) planes of Cu2O grow epitaxially on the facets of Au, while the (200) 35 

planes of Cu2O deposit over the {200} facets of Au to form the interfaces. 
Reprinted with permission from ref. 70. Copyright @ 2009 American 
Chemical Society. 

 
2.1.2 Molecule-functionalized noble metal seeds for directing 40 

metal oxide shell coating 
As for noble metal and metal oxide of big lattice mismatches, 

the existence of enormous interfacial energy between them is 
recognized, thus resulting in difficulty for obtaining the desired 
core-shell products. To address these problems, the interfacial 45 

energy between the dissimilar materials should be somewhat 
counterbalanced by a proportional decrease in the surface energy, 
and therefore the requirements of lattice compatibility can be 
fairly less restrictive.72 Until now, one of the most effective ways 

is to embed a layer of ligand and/or surfactant molecules between 50 

noble metal and metal oxide. Furthermore, noble metal NPs 
functionalized with ligand or surfactant molecules could reduce 
aggregation in solution via introduction of additional charge 
and/or steric repulsion, because the precursors for synthesizing 
metal oxides are usually the soluble forms of metal salts that 55 

might shield the charge repulsion among noble metal NPs to 
promote NP aggregation. Evidently, using suitable ligand and/or 
surfactant molecules is the key factor for controllable synthesis of 
core-shell nanostructures composed of noble metal NP core and 
metal oxide shell with dissimilar nature. 60 

A plausible synthesis route is learned from the well-established 
recipe to prepare the noble metal NP@SiO2 core-shell 
nanostructures, that is, the hydrolysis and condensation of the 
precursors onto the preformed noble metal NP cores such as 
Au@SiO2,73, 74 Ag@SiO2,75-77 Pd@SiO2,45, 78 Pt@SiO2.79  65 

However, different from the amorphous SiO2 shell, the precursors 
used for formation of metal oxide shells possess higher reaction 
activity, and the metal oxide products are normally crystalline 
and have large the interfacial stress with noble metal cores, 
resulting in easy self-nucleation and uncontrollable growth of 70 

metal oxide in the solution. Therefore, it is necessary to develop 
powerful ligand/surfactant molecules, which can offer strong 
affinity to the precursors, prompt the nucleation and growth of 
metal oxide shells surrounding the noble metal cores. For 
example, Tremel et al. introduced oleic acid and oleylamine to 75 

synthesize flower-like Au@MnO core-shell nanostructures, in 
which manganese acetylacetonate (Mn(acac)2) was decomposed 
in diphenyl ether in the presence of preformed Au NP cores 
obtained from decomposition of gold acetate (Au(OAc)3).80 The 
final products were composed of Au cores of about 7 nm in 80 

diameter and MnO petals of about 10 nm in size. This method 
was extended to construct Ag@MnO or Pt@MnO samples. 
Furthermore, with the similar strategy, flower-like Au@Fe3O4 
core-shell nanostructures with sizes of 20-28 nm are formed by 
using Au NPs of 7-13 nm as seeds.54 Han et al. applied 85 

hydroxypropyl cellulose (0.5 wt%, Mw = 370000) to mediate 
TiO2 growth to fabricate eccentric Au@TiO2 nanostructures.47 
First, citrate-stabilized 50 nm Au NPs were modified with 
hydroxypropyl cellulose, and then a less reactive precursor, 
titanium diisopropoxide bis(acetylacetonate), was used for sol-gel 90 

coating of TiO2 onto the Au cores. In comparison with 
conventional precursors such as titanium tetrabutoxide, this 
precursor had a much lower hydrolysis rate, which helped to 
separate nucleation and growth of TiO2. Fornasiero et al. 
constructed Pd@CeO2 core-shell nanostructures by utilizing self-95 

assembly between the functionalized Pd NPs and cerium (IV) 
alkoxides.38, 81 The whole process mainly involved the following 
three parts: (1) Synthesis of thiolate-protected Pd NPs using 11-
mercaptoundecanoic acid (MUA) as the passivating agent, (2) 
self-assembly of cerium (IV) tetrakis (decyloxide) around Pd NPs 100 

and modification by means of dodecanoic acid, and (3) hydrolysis 
under controlled conditions of the remaining alkoxy groups 
bound to Ce atoms to obtain the dispersible Pd@CeO2 
nanostructures. Chen et al. developed a general synthetic 
methodology for coating different metal oxide shells (e.g., ZnO, 105 

MnO, Fe3O4, Co2O3, TiO2, Eu2O3, Tb2O3, and Gd2O3) on the 
citrate-stabilized noble metal seed surfaces (e.g., Au, Ag, Pt and 
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Pd) via combination of different ligands as the intermediate 
agents (Fig. 3 and 4).55 In the case of Au@ZnO core-shell 
nanostructures, they were achieved by using different ligand 
molecules including the hydrophilic thiol with –COOH end 
groups (e.g., 4-mercaptobenzoic acid, 2-mercaptoacetic acid, 11-5 

mercaptoundeconoic acid) and the hydrophobic thiol-based 
ligands (e.g., 2-naphthalenethiol, 4-ethylthiophenol, 1-
octadecanethiol, 2-dipalmitoyl-sn-glycero-3-phospho-thioethanol) 
in the presence of the surfactant polyvinylpyrrolidone (PVP), 
suggesting the generality in the use of surface ligands. In the 10 

absence of thiol ligands, only partial ZnO shells were formed on 
the surface of Au seeds. On the other hand, in the absence of PVP, 
only a thin layer of ZnO was formed on the surface of Au NPs, 
accompanying with additional growth and aggregation of pure 
ZnO NPs. When PVP was replaced by hydrophilic polyethylene-15 

glycol (PEG), uniform ZnO shells only formed on the hydrophilic 
ligand-modified Au seeds, but not on the hydrophobic ones. 
 

 
Fig. 3 TEM images and photographs of noble metal NP@ZnO core-shell 20 

structures that were synthesized from different noble metal cores: citrate-
stabilized NPs, including (a) Au NPs (dAu = 15 nm); (b) Ag NPs (dAg = 60 
nm); and (c) Pt NPs (dPt = 40 nm); and PVP-stabilized NPs, including (d) 
Pd NPs (dPd = 20 nm); (e) Ag nanocubes (dAg = 150 nm); and (f) Ag 
nanowires (dAg = 120 nm, lAg = 3-5 μm). Insets show magnified views of 25 

typical NPs. Scale bar: 200 nm. Reprinted with permission from ref. 55. 
Copyright @ 2013 American Chemical Society. 

 

 
Fig. 4 TEM images of the Au@metal oxide nanostructures (dAu=40 nm) 30 

with different types of oxide shells: (a) Au@Fe3O4, (b) Au@MnO, (c) 
Au@Co2O3, (d) Au@TiO2, (e) Au@Eu2O3, (f) Au@Tb2O3. Insets show 
magnified views of typical NPs. Scale bar: 200 nm. Reprinted with 
permission from ref. 55. Copyright @ 2013 American Chemical Society. 

Based on the above facts, Chen et al. concluded that the thiol 35 

ligand was used to modify Au surface against aggregation and 
reduce the Au-ZnO interfacial energy, while the surfactant PVP 
played multiple roles such as tuning the noble metal-ZnO 
interfacial energy, interfering with oxide crystal formation, and 
stabilizing ZnO against aggregation.55 40 

As introduced above, using different ligand/surfactant 
molecules as the intermediate agents is a simple and effective 
way to combine noble metals and metal oxides of different 
crystalline structures into the well-defined core-shell 
nanostructures. The generality of this strategy allows us to 45 

construct numerous noble metal NP@metal oxide core-shell 
nanomaterials assisted with exploration of the effective 
functionalized ligand/surfactant molecules. 
 
2.1.3 Hydrothermal-assisted method 50 

Hydrothermal method is also applied to direct metal oxide 
formation around noble metal seeds due to its several advantages: 
(1) Water is low-cost, non-toxic and environment friendly. (2) 
Many metal salts can be well dissolved in water as the precursors. 
(3) The strong polarity of water may be helpful to the controllable 55 

growth of nanocrystals.64 Generally, the hydrothermal method is 
carried out in a sealed vessel, where the solvent water 
automatically generates the pressure upon heating and further 
improves the crystallinity of the prepared NPs. For example, Xu 
et al. reported a facile and green hydrothermal method to 60 

synthesize Pt@CeO2 core-shell nanostructures, in which the 
citrate-stabilized Pt NPs were mixed with CeCl3 and urea in an 
appropriate ratio via hydrothermal treatment at 90 oC.82 The 
obtained products were polycrystalline nature, and the diameter 
of Pt NP cores and the thickness of CeO2 shells were around 100 65 

nm and 125 nm, respectively. Chen et al. adopted the 
hydrothermal method to synthesize Au@TiO2 core-shell  
 

 
Fig. 5 (a) Scheme of the proposed formation process of core-shell 70 

Au@TiO2 nanostructures with truncated wedge-shaped TiO2. (b) TEM 
images of the prepared core-shell Au@TiO2 and (c) individual core-shell 
particle image; (d) Pt@TiO2, and (e) corresponding XRD pattern. (a-c) 
Reprinted with permission from ref. 83. Copyright @ 2009 American 
Chemical Socitety. (d, e) Reprinted with permission from ref. 63. 75 

Copyright @ 2010 Elsevier. 
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nanostructures with the truncated wedge-shaped TiO2 using pre- 
synthesized Au NPs and TiF4 precursors at 180 oC for 48 h (Fig. 
5a).82 The dimension of the Au core was about 37.5 nm, and that 
of the wedge-like TiO2 antennae was about 110 nm in length. The 
F- ions not only facilitated formation of the well-defined wedge-5 

like TiO2 shells, but also contributed to the truncated crystal {004} 
facets (Fig. 5b and c).83 This preparation procedure was extended 
successfully to synthesize other (Pd or Pt)@TiO2 core-shell 
nanostructures (Fig. 5d and e),46, 63 indicative of general and 
flexible features. 10 

In comparison with the sol-gel method, using hydrothermal 
method is not necessary to introduce specific ligand/surfactant 
molecules to facilitate the metal oxide shell formation. Obviously, 
hydrothermal method is simple and green, and the post treatment 
is more convenient. However, how to guarantee the 15 

heterogeneous nucleation and growth of metal oxides around 
noble metal seeds is not easily understood during the 
hydrothermal process, and further in-depth research work is 
necessary.  
 20 

2.2 One-pot method 

Although the two-step seed-assisted strategy can effectively 
isolate the preparation process of noble metal core and metal 
oxide shell, which enables better control over the size and 
structure of the products, one-pot method is still preferred in 25 

practical applications due to the reduced production cost and ease 
of scaling up. Using this method often involves mixing all 
necessary ingredients for core-shell formation in the same 
solution. Noble metals and metal oxides are in-situ produced 
simultaneously and the metal oxide shells are exclusively grown 30 

onto the surface of the noble metal NPs without self-nucleation. 
Therefore, accurate control over the experimental parameters 
including the suitable precursors, solvents, surfactants, reaction 
temperature, and so on are highly required to balance the 
nucleation and growth rates of noble metal and metal oxide and 35 

self-regulate both into single core-shell nanostructure. 
To date, it still remains extremely challenging to synthesize 

noble metal NP@metal oxide nanostructures by using one-pot 
method, and the obtained synthetic methods are rather case-
specific. For example, Yang et al. introduced a simple and 40 

convenient one-step reaction to synthesize the well-defined core-
shell Ag@Fe3O4 nanostructures by adding octadecene (ODE) and 
diphenyl ether (DPE) into the mixture solution containing Ag(ac), 
Fe(acac)3, 1,2-dodecanediol (DDD), oleylamine and oleic acid at 
240 oC for 30 min. The obtained polycrystalline products were 45 

composed of about 6 nm Ag core and about 3 nm-thickness 
Fe3O4 shell (Fig. 6a and b).68 The presence of the surfactants, 
such as oleylamine, oleic acid and DDD, was necessary for 
formation of Ag@Fe3O4 nanostructures. oleylamine and DDD as 
the reducing agents were responsible for the formation and 50 

stabilization of Ag cores, while oleic acid and DDD were 
functionalized as the surfactants for Fe3O4 shells. Removing any 
one of the surfactants from the reaction recipe would make core-
shell nanostructures disappear in the product, suggesting that the 
synthesis was sensitive to the experimental conditions. Tang et al. 55 

introduced a novel one-pot hydrothermal method to fabricate the 
Au@CeO2 core-shell nanostructures by using HAuCl4, glucose, 
CeCl3 and urea as raw materials.22 The formation of the 

 
Fig. 6 TEM images of (a, b) Ag@Fe3O4. Reprinted with permission from 60 

ref. 68. Copyright @ 2011 Royal Society of Chemistry. (c, d) Au@CeO2. 
Reprinted with permission from ref. 22. Copyright @ 2012 Royal Society 
of Chemistry. (e, f) Ag@CeO2. Reprinted with permission from ref. 59. 
Copyright @ 2012 Wiley-VCH. (g, h) Au@TiO2. Reprinted with 
permission from ref. 45. Copyright @ 2013 Royal Society of Chemistry.  65 

Au@CeO2 core-shell submicrospheres involved several steps: 
Firstly, reduction of Au3+ ions by glucose in the solution 
produced Au NPs. Then, condensation of glucose in solution 
under hydrothermal conditions led to formation of amorphous 
carbon submicrospheres, in which the Au NP was located at the 70 

center and Ce3+ ions were adsorbed in the matrix shell. Finally, 
the spontaneously formed carbon submicrospheres were used as 
the sacrificial templates to generate Au@CeO2 submicrospheres 
through calcination in air. The obtained products were 
characteristic of 17 nm Au NP core surrounded by uniform CeO2 75 

shell composed of NPs with about 8-10 nm in diameter (Fig. 6c 
and d). Kaneda et al.59, 84 adopted reverse micelle technique and 
the redox reaction between the precursors of noble metals and 
metal oxides to construct Ag@CeO2 core-shell nanostructures, 
where Ag NP core of about 10 nm in diameter was coated with a 80 

shell assembled by spherical CeO2 NPs of 3-5 nm in diameter 
(Fig. 6e and f). Using this strategy, Au@TiO2 core-shell 
nanostructures were also obtained by Dong et al (Fig. 6g and h).45 
In addition, Ag@CeO2 core-shell nanostructures were also 
achieved via a surfactant-free method with a subsequent 85 
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annealing redox reaction.85 Grela et al. developed one-pot method 
to construct Ag@ZnO core-shell nanostructures by using aqueous 
mixture solution containing dimethylformamide (DMF), silver 
nitrate and zinc acetate under vigorous shaking at room 
temperature.59 In this method, DMF simultaneously behaved as a 5 

reducing agent for Ag+ ions and provided the basic medium for 
zinc acetate hydrolysis without addition of any stabilizers and 
surfactants. The obtained products were composed of Ag core of 
about 20-30 nm in diameter surrounded by small ZnO units of 
about 10 nm in diameter. 10 

One-pot method is relatively simple and easy to be 
implemented, but it is often hard to tune the sizes, shapes, 
compositions and uniformity of the obtained core-shell 
nanostructures, because of the specific experimental conditions 
used in a limited range for the heterogeneous nucleation and 15 

growth of metal oxides around noble metal core. Therefore, novel 
and effective one-pot strategies are highly desirable for 
synthesizing noble metal NP@metal oxide with the targeted 
structures.  
 20 

2.3 Partial oxidation of the outermost of noble metal or 
selective oxidation of the shell of binary metal structures 

Noble metal NP@metal oxide core-shell nanostructures can be 
achieved via sacrificial conversion of the outermost exposed 
layers of single-component NPs or selective oxidation of the 25 

metal shell of binary metal NPs. As for single-component noble 
metal NPs, they are possibly oxidized when exposed to air, 
solvated oxygen species or other oxidizing reagents, leading to 
formation of a metal oxide shell on the noble metal surface. 
However, it is rarely reported on this case due to the scarce and 30 

expensive nature of noble metals. On the contrary, as for noble 
metal core based binary metal NPs, the reducibility of noble 
metal core is much lower than that of metal shells, providing the 
opportunity to production of noble metal NP@metal oxide core-
shell structures. For example, Xie et al. fabricated Au@SnO2 35 

core-shell particles by an intermetallics-based dry oxidation 
approach, in which AuSn alloy particles were subjected to a 
three-step oxidation process in a furnace.57 The obtained products 
were composed of Au core of about 15 nm in diameter and SnO2 
shell with the thickness of 6-7 nm. Gu et al. prepared Pt@Fe2O3 40 

core-shell nanowires by oxygen oxidation of FePt nanowires in 
oleylamine.86 After oxidation, the iron in the FePt nanowires was 
selectively oxidized to Fe2O3, and the diameters were increased 
from 1.9 nm to 2.8 nm.87  

It should be noted that using this method, it is often difficult to 45 

control the oxidation degree of metal shell into corresponding 
metal oxide, thus leading to relatively poor core-shell 
nanostructures. 
 

3. Methodologies for fabrication of noble metal 50 

NP@metal oxide yolk-shell nanostructures 
The yolk-shell nanostructures, also called as nano-rattles, 

represent a special class of core-shell structures with distinctive 
core@void@shell configuration,88 which has also been arousing 
great interest due to their complex hierarchical nanostructures and 55 

intriguing properties, such as low density, high surface area, and 

interstitial hollow spaces.89-91 Since the seminal work by Xia et al. 
on yolk-shell nanostructures,92 many research works have been 
developed for preparation of these structures, such as 
Au@TiO2,93, 94 Au@ZrO2,95-98 Au@Fe3O4,99 Ag@Fe2O3,100 60 

Pd@CeO2,101 Pt@TiO2,102 and so on. Commonly, the synthesis 
methods can be simply divided into three categories: (1) Hard-
templating method, (2) soft-templating method, and (3) template-
free synthesis. To clearly elucidate different synthesis strategies, 
some examples are provided in the following. 65 

 

3.1 Hard-templating method 

Hard templates normally possess relatively rigid shapes, and 
have proved to be general and effective strategies for 
synthesizing movable noble metal core in a hollow metal oxide 70 

shell.103 Typically, the synthetic procedure can be described in 
the following: Pre-synthesized noble metal NPs are firstly coated 
with a layer of hard template materials to form core-shell 
nanostructures, and then the target shell materials are deposited 
onto the surface of the template to form a sandwiched 75 

nanostructure, followed by selective removal of the template 
layer using dissolution with a solvent or calcination with heating. 
The key involved is to develop the simple and effective hard 
templates to bind the noble metal core and target metal oxide 
shell together for generating the well-defined yolk-shell 80 

nanostructures.     
SiO2 is a widely used sacrificial template to fabricate noble 

metal NP@metal oxide yolk-shell nanostructures.101 The pre-
synthesized noble metal NPs were firstly coated with SiO2 and 
followed by the target shell materials, producing noble metal 85 

NP@SiO2@metal oxide three-layer “sandwich” nanostructures. 
Afterwards, the SiO2 interlayer was selectively etched away with 
 

 
Fig. 7 (a) General scheme for synthesis of yolk-shell structures via SiO2 90 

template method. TEM images of (b) Au@TiO2. Reprinted with 
permission from ref. 93. Copyright @ 2011 Wiley-VCH. (c) Pt@TiO2. 
Reprinted with permission from ref. 102. Copyright @ 2012 Wiley-VCH. 
(d) Au@ZrO2. Reprinted with permission from ref. 95. Copyright @ 2009 
Wiley-VCH. (e) Au@SnO2. Reprinted with permission from ref. 105. 95 

Copyright @ 2013 Royal Society of Chemistry.  
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a concentrated hydrofluoric acid104 or an alkaline solution,98 and 
then was subjected to calcination treatment for obtaining 
crystalline yolk-shell nanostructures (Fig. 7a). Despite many 
successful examples have been reported on preparation of 
Au@TiO2 (Fig. 7b),93 Pt@TiO2 (Fig. 7c),102 Au@ZrO2 (Fig. 7d),95, 

5 
97, 98 Pd@CeO2,101 and Au@SnO2 (Fig. 7e),105

 using SiO2 
template method is still difficult to synthesize the yolk-shell 
structures of the required size, shape, and surface property. For 
example, noble metal core or metal oxide shell is likely to be 
partially destroyed by the etchants accompanied with appearance 10 

of side products such as silicates2, 106 and titanates107 and 
environmentally unfriendly effluent. Also, the grain sizes of 
metal oxide shell can fuse into large particles during high 
temperature calcination treatment. Furthermore, the production 
cost of SiO2 template method is relatively high so that most of 15 

these methods are limited to small-scale synthesis. Therefore, to 
develop an alternative way to current SiO2 template method is of 
great interest. Recently, Yin et al. reported a “surface-protected 
calcination” approach assisted with NaOH etching to prepare 
mesoporous Au@TiO2 yolk-shell nanostructures, in which SiO2 20 

was used as not only a protecting agent for TiO2 but also a hard 
template for hollow structures, and the corresponding 
intermediate configuration was described as noble metal 
NP@SiO2@metal oxide@SiO2.94 By using different SiO2 etching 
and calcination treatments, the grain sizes and crystallinity of 25 

shell materials could be effectively adjusted to some extent. 
Interestingly, due to the solubility of SiO2 in hot water,108 water 
was adopted as an alternative mild etchant to selective dissolution 
of SiO2, and the obtained aqueous solution containing silica 
source could be recycled and reused, indicating that it will be an 30 

effective way to innovate the traditional synthesis strategy. 
Selective etching of noble metal cores or metal oxide shells is 

another approach to synthesize noble metal NP@metal oxide 
yolk-shell nanostructures. Several types of yolk-shell 
nanostructures synthesized via the selective etching method have 35 

been reported. As an example, Schüth et al. employed sol-gel 
method to synthesize core-shell Au@SiO2 nanostructure with big 
sized Au core, and then selectively etched partial Au core by 
KCN. Subsequently, sol-gel method was applied to coat another 
ZrO2 shell onto SiO2 surface, and finally SiO2 template was 40 

removed to obtain Au@ZrO2 yolk-shell nanostructures with Au 
core size less than 10 nm.97, 109 One can expect that more complex 
and functional yolk-shell nanostructures will be achieved by 
reasonable combination of different synthetic strategies together. 

It should be stressed that the hard-templating methods usually 45 

require long reaction time, and it is particularly difficult to use a 
simple method to synthesize complex particles such as sandwich-
structured particles, which are composed of noble metal cores 
surrounded by two different metal oxide shells (rather than one 
SiO2 shell plus another metal oxide shell). Therefore, to develop 50 

the general methods to synthesize noble metal NP@metal oxide 
yolk-shell nanostructures, many simple and effective hard 
templates should be investigated in future work. 
 

3.2 Soft-templating method 55 

Soft templates are usually related to structure-directing 
molecules, such as surfactants, polymers, and even biological 
viruses, which are amphiphilic molecules containing a 

hydrophilic head and a hydrophobic chain.110 These materials 
may spontaneously organize into well-defined assemblies under 60 

certain conditions, such as normal and reverse micelles, 
emulsions, vesicles, or liquid crystal phases, which geometrically 
restrict noble metal NPs as core and direct the growth of metal 
oxide around noble metal core.103, 110  

As an example, Li et al. used block copolymer as a soft 65 

template to construct Au@TiO2 yolk-shell nanostructures.111 Au 
NPs with poly(2-vinyl pyridine)-block-poly(ethylene oxide) 
(PVP-b-PEO) block copolymer shells were first prepared by 
ultraviolet (UV) irradiation of the solution of PVP-b-
PEO/HAuCl4 complexes. Then, the sol-gel reaction of titanium 70 

tetra-isopropoxide (TTIP) selectively on the surfaces of Au NPs 
gave rise to generation of Au-TiO2 core-shell nanostructures. 
Finally, the organic interlayer inside the Au@TiO2 core-shell 
nanostructures was removed by UV treatment to obtain the 
Au@TiO2 yolk-shell nanostructures (Fig. 8). 75 

 

 
Fig. 8 (a) Schematic illustration of the process to prepare Au-TiO2 yolk-
shell nanostructures. TEM images of (b) the core-shell Au NPs prepared 
by irradiating a 0.05 wt% PVP-b-PEO/HAuCl4 THF solution for 16 h, (c) 80 

core-shell Au-TiO2 composite nanoparticles and (d) yolk-shell Au-TiO2 
NPs obtained by UV irradiation of the core-shell Au-TiO2 
nanocomposites for 4 days. Reprinted with permission from ref. 111. 
Copyright @ 2011 Royal Society of Chemistry. 

It is worth noticing that soft-templating methods often involve 85 

the complex self-assembly of structure-directing molecules and 
shell growth processes, and thus the soft-templating method is 
often limited by the difficulty in controlling the uniformity of the 
products and mass production. 
 90 

3.3 Template-free method  

Although the template-assisted methods have been proven to 
be very effective for synthesis of yolk-shell nanostructures, both 
of the hard and soft template methods have some inherent 
drawbacks, including low efficiency, a rather complicated and 95 

tedious process, and the difficulty in ensuring occurrence of the 
etching reaction exclusively inside the shells. Therefore, to 
develop template-free methods is important for preparation of 
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noble metal NP@metal oxide yolk-shell nanostructures. 
Generally, template-free fabrication of noble metal NP@metal 
oxide yolk-shell nanostructures is based on the Ostwald ripening 
or Kirkendall effect processes. 

Ostwald ripening is driven by surface energy differences 5 

among different sized particles, and the small crystals tend to 
grow into those of large sizes in order to minimize their free 
energy.112, 113 This method has been employed to construct noble 
metal NP@metal oxide yolk-shell structures. For example, Tang 
et al. adopted an inside-out Ostwald ripening mechanism for 10 

preparation of Au@TiO2 yolk-shell nanostructures with tunable 
shell thickness via hydrothermal treatment (Fig. 9).114 The 
hydrolysis of TiF4 led to the initial formation of solid TiO2 
microspheres coating onto several small Au NPs, which gradually 
transformed into yolk-shell hollow spheres with a relatively large 15 

Au NP core via Ostwald ripening. The size of yolk Au core was 
about 10 nm, and the shell thickness could be easily adjusted 
from 25 nm to 150 nm by changing the amount of TiF4 in  reaction 
 

 20 

Fig. 9 (a) Scheme of formation process of Au@TiO2 yolk-shell 
nanostructure via hydrothermal method. SEM of Au@TiO2 hollow 
submicrospheres with (b) thick shell, (c) medium-thickness shell, and (d) 
thin shell. (e), (f) and (g) are corresponding TEM images of (b), (c) and 
(d). TEM images and SAED patterns (inset) of Au@TiO2 yolk-shell 25 

submicrospheres with thin shell at different crystallization times: (h) 3 
min, (i) 9 min, (j) 1 h and (k) 6 h. Reprinted with permission from ref. 
114. Copyright @ 2012 Royal Society of Chemistry. 

mixture. Wang et al. used pre-made Au NPs as the seeds to 
mediate the hierarchical assembly of Cu2O NPs in the presence of 30 

PVP (Fig. 10).51 The polycrystalline Cu2O shells surrounding the 
Au cores could undergo an inside-out hollowing process driven 
by Ostwald ripening to form Au@Cu2O yolk-shell nanostructures 
with controlled spacing between the core and the shell. Xu et al. 
developed a facile hydrothermal method to construct yolk-shell 35 

Pt@CeO2 nanostructures using mixed aqueous solution 
containing Pt NPs, CeCl3 and urea at 90 oC.82 By simply 
decreasing concentration of CeCl3 in aqueous solution to a certain 
level, the initial formed core-shell Pt@CeO2 nanostructures were 
transformed into yolk-shell counterparts via Ostwald ripening 40 

mechanism. 
 

 
Fig. 10 Formation of Au@Cu2O yolk-shell nanostructures. (A) Scheme of 
the structural evolution of Au@Cu2O core-shell nanostructures during the 45 

hollowing of Cu2O shell. (B-M) TEM images showing the structural 
evolution of Au@Cu2O core-shell nanostructures with three different 
outer radii: particles with an average outer radius of 183 nm obtained at 
(B) 5, (C) 30, (D) 60, and (E) 90 min; particles with an average outer 
radius of 130 nm obtained at (F) 5, (G) 20, (H) 40, and (I) 60 min; 50 

particles with an average outer radius of 98 nm obtained at (J) 5, (K) 20, 
(L) 40, and (M) 60 min. All TEM images share the same scale-bar in 
panel B. Reprinted with permission from ref. 51. Copyright @ 2011 
American Chemical Society. 

Kirkendall effect is referred to an atomic diffusion process that 55 

takes place via vacancy exchange rather than by direct 
interchange of atoms. It usually involves a fast-diffusing inner 
shell material to an outer layer or reservoir of a slower-diffusing 
material, leading to a net outward transport of matter from the 
inner shell and formation of voids.115, 116 As for the noble metal 60 

NP@metal oxide yolk-shell nanostructures, it can be achieved by 
transformation of core-shell binary metals via Kirkendall effect, 
in which the surface oxidation and vacancy diffusion selectively 
involves the shell portion only, while retaining the noble metal 
core intact. For example, Alivisatos et al. fabricated Au@Fe3O4 65 

yolk-shell nanostructures by thermal decomposition of Fe(CO)5 
into an iron shell around the Au NPs in the presence of oleyamine 
and oleic acid capping molecules, and then oxidation of the iron 
shell into a hollow iron oxide shell by means of the Kirkendall 
effect.99 The obtained products were composed of 4.5 nm yolk 70 

Au NPs with certain shell thickness by varying the molar ratio of 
oleylamine and oleic acid. Using this strategy, the yolk-shell 
Pt@Fe2O3,117 FePt@Fe2O3,117 and Ag@Fe2O3

100 NPs were also 
obtained. 

It is noticed that template-free method is a relatively simple 75 
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and effective way to synthesize noble metal NP@metal oxide 
yolk-shell nanostructures. However, they require the specific 
properties of the target metal oxide shell material to support the 
formation process, which may limit its wide application in 
fabrication of different types of the yolk-shell nanostructures.  5 

4. Catalytic performance of core/yolk-shell 
nanostructures 

In comparison with the traditional supported catalysts, the 
core/yolk-shell noble metal NP@metal oxide nanostructures 
provide a great opportunity for controlling the interaction among 10 

the different components, which could boost the structural 
stability or catalytic activity and selectivity.24, 25 Though these 
nanostructures show many fascinating catalytic properties, the 
study on the catalytic performance of the core/yolk-shell 
nanostructures is still in its infancy, and many fundamental issues 15 

involved in the structure-reactivity relationship is still unclear. 
Herein, we discuss catalytic performances of these core/yolk-
shell nanostructures in terms of activity, selectivity and stability 
based on a series of model reactions such as carbon monoxide 
oxidation, hydrogenation or selective hydrogenation, and 20 

selective oxidation. The relationship between the core/yolk-shell 
structures and catalytic performances of noble metal NP@metal 
oxide nanostructures is disclosed in respect with the conventional 
supported catalysts. 
 25 

4.1 Noble metal NP@metal oxide core-shell nanostructures as 
catalysts 

Noble metal NP@metal oxide core-shell nanostructure as the 
catalysts has several distinguished features compared with the 
traditional supported catalysts: (1) Noble metal NPs are fixed 30 

inside the metal oxide supports, and individual noble metal NP is 
isolated and separated by a layer of metal oxide supports, and (2) 
noble metal NPs are closely surrounded by metal oxide supports. 
These unique features may bring novel collective properties for 
catalytic reactions, and stimulate the extensive interest in the field 35 

of heterogeneous catalysis.  
It is noticed that one of the most prominent characteristics of 

the core-shell nanostructures is that they can maximize the 
interfacial area and intensify the interaction between noble metal 
NPs and metal oxides, which may generate more active sites and 40 

further enhance their catalytic performance. For example, Tang et 
al. developed Au@CeO2 core-shell nanostructures with Au core 
of about 17 nm in diameter for catalytic CO oxidation in 
comparison with the supported 14 nm Au/CeO2 and pure CeO2 
samples (Fig. 11a).22 Impressively, Au@CeO2 nanostructures 45 

were already active even at room temperature, and the CO 
conversion ratio was about 20%, whereas at this temperature, the 
Au/CeO2 catalysts showed a lower conversion of 10% and pure 
CeO2 submicrospheres had no activity. With increasing the 
reaction temperature, the complete CO conversion temperature 50 

for the Au@CeO2 sample was about 155 oC, and as comparison 
the CO conversion ratios over Au/CeO2 at 300 oC and pure CeO2 
at 310 oC were 87% and 76%, respectively. Evidently, the 
presence of Au NPs regardless of whether they located inside or 
outside the CeO2 support could efficiently enhance the catalytic 55 

activity of CeO2, demonstrating the synergetic effect between Au 

 
Fig. 11 (a) Catalytic activity of Au@CeO2, Au-CeO2, and pure CeO2 
composites for CO oxidation. Feed gas containing 1.0 vol% CO, 1.6 vol% 
O2 and balance He was at a total flow rate of 50 mL min−1, corresponding 60 

to a GHSV of 15000 mL h−1 g−1
cat. (b) Stability test of Au@CeO2 and Au–

CeO2 at 120 oC for catalytic CO oxidation. Reprinted with permission 
from ref. 22. Copyright @ 2012 Royal Society of Chemistry. 

and CeO2 during the catalytic process.118 The highest catalytic 
activity of the Au@CeO2 core-shell nanostructures was attributed 65 

to the fact that the core-shell structure of Au@CeO2 enabled 
maximizing the contact area between Au NP and CeO2, while 
minimizing the area of bare Au NPs compared with the supported 
samples. Similarly, Ag@CeO2 core-shell nanostructures with the 
core diameter of about 50 nm and the shell thickness of 40 nm 70 

were also used as catalysts for CO oxidation, and exhibited the 
enhanced catalytic performance with the low complete CO 
oxidation at 120 oC in respect with Ag NPs and pure CeO2, owing 
to existence of strong interface interaction between the core and 
shell by annealing treatment.85 Xie et al. studied the Au@SnO2 75 

core-shell nanostructures containing 15 nm Au cores and 6-7 nm 
SnO2 shell for catalytic CO oxidation in comparison with the 
supported Au/SnO2 samples (Fig. 12).57 The half conversion 
temperature for Au@SnO2 samples was about 230 °C, while it 
was 330 °C for the supported Au/SnO2. Notably, the supported 80 

Au/SnO2 catalyst was observed to suffer a substantial loss in the 
activity compared to the core-shell Au@SnO2. To verify the 
synergistic effect between Au and SnO2, X-ray photoelectron 
spectroscopy (XPS) survey was performed, and the result 
indicated that the lowest Au 4f7/2 electron binding energy (BE) 85 

level was located at 82.8 eV for the core-shell Au@SnO2, 
implying that Au in the Au@SnO2 core-shell structure was in a 
metallic state. Interestingly, the Au 4f7/2 spectrum showed a 
negative BE shift of -1.3 eV with respect to that of metallic Au 
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(84.1 eV) inside the supported Au/SnO2 samples. The shift of Au 
4f binding energy might be ascribed to two possible factors: (1) 
Small sizes of Au NPs, and (2) electronic transfer from oxide 
support to the Au NPs.118 In this study, since the size of Au NPs 
was relatively big, such negative BE shift should be caused by the 5 

strong interactions between Au and SnO2 in the core-shell 
structure, resulting in enhancement of its catalytic performance 
for CO oxidation. 
 

 10 

Fig. 12 Catalytic performance of (A) Au@SnO2 and (B) supported 
Au/SnO2 for CO oxidation. The reaction gas, a mixture composition of 
10% CO in air, was fed to a 50 mg catalyst at a rate of 70 mL min−1, 
which corresponded to a space velocity of 84000 cm3 h−1 gcat

−1. Reprinted 
with permission from ref. 57. Copyright @ 2008 American Chemical 15 

Society. 

Very intriguingly, the functionality synergy between noble 
metal core and metal oxide shell can not only maximize the 
number of desirable active sites at the interface of the catalyst, 
but also minimize the presence of other sites that may promote 20 

undesirable side reactions. For example, Kaneda et al. 
investigated Ag@CeO2 core-shell nanostructures with 10 nm Ag 
core and a shell assembled with spherical CeO2 NPs of 3-5 nm in 
diameter for chemoselective hydrogenation. It was found that the 
nano-gaps among the adjacent CeO2 NPs in the shell permitted 25 

the access of reactants to the active Ag sites in the core.59, 84 
Maximizing the interaction between Ag NPs and the basic sites of 
CeO2 successfully induced the heterolytic cleavage of H2 to Ag-
hydride and proton species rather than homolytic cleavage of H2 
on the bare Ag surface of the supported Ag/CeO2 samples (Fig. 30 

13a). Correspondingly, the core-shell nanostructures exhibited the 
excellent chemoselective reduction of nitrostyrenes, epoxides and 
unsaturated aldehydes, while maintaining the C=C bonds. For 
instance, the core-shell nanostructures had high chemoselective 
conversion (> 99%) of 3-nitrostyrene to 3-aminostyrene under 35 

high pressure H2 at 110 oC (Fig. 13b and c), the excellent activity 
(98%) and selectivity (>99%) for the catalytic deoxygenation of 
epoxides to alkenes, and the enhanced chemoselective reduction 
(>99%) of unsaturated aldehydes to the corresponding al ly l ic  
  40 

 
Fig. 13 (a) Catalyst design of core-shell nanocomposite for 
chemoselective reductions with H2. Representation of Ag/HT reacting 
with H2; both polar and nonpolar hydrogen species were formed. Ag NPs 
were covered with a basic material (BM), which react with H2 to result in 45 

the exclusive formation of polar hydrogen species. A basic site of HT and 
BM was represented by BS. Time course of the reduction of nitrostyrene 
with H2 using (b) Ag@CeO2 and (c) Ag/CeO2. Reprinted with permission 
from ref. 59. Copyright @ 2012 Wiley-VCH. 
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alcohols (Table 1). Furthermore, Ag@CeO2 could be highly 
dispersed on the CeO2 matrix, exhibiting six times higher 
catalytic activity than the original Ag@CeO2 as well as a wide 
applicability for various substrates in the chemoselective 
reductions of unsaturated aldehydes. Gu et al. studied Pt@Fe2O3 5 

nanowires with a diameter of 2.8 nm as catalysts for selective 
oxidation of styrene, and these core-shell nanowires showed 
much higher activity than pure Fe2O3 and Pt@Fe2O3 hollow NPs, 
with a yield of benzaldehyde of 31.3% (Table 2 and Fig.  14).86 
 10 

Table 1 Reduction of citral using various catalysts.[a] Reprinted with 
permission from ref. 84. Copyright @ 2013 Wiley-VCH. 

 
Conv. (%)[b] Sel. (%)[b] 

Catalyst t (h) 
1 2 3 4 5 

Ag@CeO2 (Ag/Ce=1.5) 72 >99 96 1 3 0 

Ag@CeO2 (Ag/Ce=0.5) 72 21 >99 <1 <1 0 

Ag@CeO2 (Ag/Ce=2.5) 72 92 88 2 10 0 

Ag/CeO2 72 97 86 3 11 0 

Ag NPs 12 4 0 0 0 0 

CeO2 12 3 0 0 0 0 

[a] Reaction conditions: Catalyst (metal: 0.008 mmol), substrate (0.25 
mmol), THF (5 mL), 150 oC, H2 (15 atm). [b] Determined by GC using an 15 

internal standard. 

 

Table 2 Optimisation of the reaction conditions for the selective 
oxidation of styrene with a Pt@Fe2O3 nanowire catalyst.[a] Reprinted with 
permission from ref. 86. Copyright @ 2011 Wiley-VCH. 20 

 
Conv. (%)[b] Sel. (%)[b] 

Solvent Oxidation T (oC) 
1 2 3 4 5 

DMF O2 60 45.2 49.3 19.7 30.9 0.1

acetonitrile O2 60 43.5 71.9 4.5 23.6 NA

dioxane O2 60 38.7 74.4 3.7 21.9 NA

DMSO O2 60 37.7 80.6 2.8 16.6 NA

CHCl3 O2 60 35.9 58.2 14.0 27.6 0.2

Toluene O2 60 22.3 90.0 1.2 8.4 0.4

THF O2 60 18.2 81.4 3.7 14.9 NA

Water O2 60 10.1 91.0 0.2 8.8 NA

[a] Reagents and conditions: 0.8 mg Pt@Fe2O3 nanowires (25 wt.% Fe2O3 
in the Pt@Fe2O3 nanowires), 4.5 mmol styrene, 2 mL solvent, 24 h, 1 atm 
oxygen. [b] Calculated by GC-MS using tert-butylbenzene as an internal 
standard.  25 

 

The interface between Pt and Fe2O3 was identified as the active 
centre for activation of O2.119  This interface activation effect was 
further confirmed by the catalytic performances of Pt@Fe2O3 
yolk-shell NPs (Fig. 14, column 4) and Pt@Fe2O3 nanowires (Fig. 30 

14, column 1). The yolk-shell NPs had no Pt-Fe2O3 interface and 
thus a low conversion of styrene was observed. Evidently, the 
synergistic effect between noble metal NPs and catalytic active 
metal oxides brought a positive promotion to the target products, 
and the active sites for these reactions should mainly lie in the 35 

interface of both rather than single components. 
 

 
Fig. 14 Catalytic performance of Pt@Fe2O3 nanowires in the conversion 
of styrene and benzaldehyde selectivity compared with other catalysts. 1) 40 

Pt@Fe2O3 nanowires, 2) Fe2O3 NPs, 3) FePt NPs and 4) Pt@Fe2O3 yolk-
shell NPs. Reprinted with permission from ref. 86. Copyright @ 2011 
Wiley-VCH. 

It should be pointed out that until now, the functionality 
synergy between noble metal and metal oxide is only focused on 45 

a certain type of reactions, but not on all the catalytic reactions. 
For example, Au and TiO2 are both active for catalytic oxidation 
and photocatalytic reactions,120, 121 and supposed to exhibit the 
enhanced catalytic performance when integrated into single 
nanostructure. However, when the Au@TiO2 core-shell 50 

nanostructures with 40 nm Au core and TiO2 shell of 5 nm in 
thickness were used as catalysts for reduction of 4-nitrophenol by 
NaBH4, they showed relatively lower activity than the supported 
50 nm Au/TiO2. The control experiments indicated that bare TiO2 
did not possess catalytic activity towards the reduction of 4-55 

nitrophenol.45 This result suggested that the outer TiO2 shell in 
the core-shell nanostructures inevitably blocked a certain amount 
of the active surface of noble metal cores, thus leading to the 
partial loss in the activity of original noble metal NPs. Doong et 
al. evaluated the flower-like Au@Fe3O4 core-shell nanostructures 60 

with core diameters of about 7-13 nm and shell thickness of about 
20-28 nm as catalysts for reduction of 4-nitrophenol and 2,4-
dinitrophenol by NaBH4 in comparison with dumbbell-like 
structures.54 The rate constants were 0.38 min−1 for 4-nitrophenol 
and 0.46 min−1 for 2,4-dinitrophenol by using the Au@Fe3O4 65 

core-shell nanostructures, whereas using the dumbbell-like 
structures, they were 0.63 min−1 and 0.72 min−1 for 4-nitrophenol 
and 2,4-dinitrophenol, respectively. The catalytic performance of 
the flower-like Au@Fe3O4 was lower than that of the dumbbell-
like structures, disclosing the fact that the Au surfaces in the 70 

flower-like structures were mainly occupied by the Fe3O4 shells 
and thus the reduction rate of nitrophenols was suppressed. 
Therefore, it is of great importance to design the nanocatalysts of 
rational structures and compositions for the specific type of 
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reactions.  
Besides the catalytic activity and selectivity, chemical or 

thermal stability is another important parameter to evaluate the 
performance of a catalyst. Since individual noble metal NP is 
isolated and separated by metal oxide supports, the core-shell 5 

nanostructures are expected to display better stability in 
comparison with the traditional supported catalysts. Tang et al. 
evaluated the stability of Au@CeO2 as catalysts for catalytic CO 
oxidation in comparison with supported Au/CeO2 samples (Fig. 
11b).22 At 120 oC, the CO conversion ratio was around 85.1% and 10 

20.9% on the Au@CeO2 and Au/CeO2 catalysts, respectively. 
When the catalytic reaction was performed at 120 oC for 72 h, no 
deactivation occurred for the Au@CeO2 core-shell 
submicrospheres. The TEM image further demonstrated that there 
were no obvious changes in the size, shape and structure of the 15 

core-shell submicrospheres. In contrast, the deactivation 
happened over the Au/CeO2 catalyst, and the corresponding CO 
conversion ratio at 120 oC was decreased from 20.9% to 9.3% 
after 72 h reaction. In this work, the deactivation was mainly 
caused by migration and sintering of Au NPs in the supported 20 

Au/CeO2 catalysts, which was proved by TEM observation that 
the average sizes of Au NPs were increased from original 14 nm 
to 18 nm after the catalytic reaction.  

Though the core-shell structured catalysts exhibit many 
advantages in heterogeneous catalysis in comparison with the 25 

supported samples, there also exist some disadvantages for 
catalytic reactions. For instance, the diffusion rates of both the 
reactants and the products toward the noble metal NP cores are 
significantly reduced, especially for the liquid-phase catalytic 
reactions, since they are deeply buried in the support matrix. 30 

Therefore, it is imperative to fabricate the core-shell 
nanostructures with specific sizes, shapes, structures, channels 
and compositions as well as understand the relationship between 
the core-shell structure and their catalytic performance, in order 
to improve the performance for different catalytic reactions. 35 

 

4.2 Noble metal NP@metal oxide yolk-shell nanostructures as 
catalysts 

Analogously to the core-shell nanostructures, the yolk-shell 
nanostructures can also stabilize the active noble metal cores and 40 

prevent leaching or particle agglomeration, thus endowing the 
excellent catalytic stability.93, 101 Furthermore, the yolk-shell 
nanostructures as nanoreactors have their unique features for 
catalytic reactions: (1) Free noble metal core is located inside a 
hollow shell with a relatively homogeneous surrounding 45 

environment, thus sufficiently exposing their active sites to 
contact with the reactants during the catalytic process. (2) Strong 
interactions between noble metal core and catalytic active metal 
oxide shell are maintained via physical or chemical contacts in 
the structure. (3) The interstitial hollow space can allow high 50 

loading of guest molecules, such as the reactants for catalysis. 
Such characteristics may bring novel properties and offer wide 
applications in heterogeneous catalysis. 

 
Fig. 15 TEM images of (a) Au@ZrO2, (b) Au@TiO2 yolk-shell 55 

nanostructure (red circles stand for Au NPs). (c) A comparison of 
catalytic activity in CO oxidation by Au@TiO2 and Au@ZrO2 yolk-shell 
nanostructures treated at 100 oC and 300 oC. Catalytic conditions: 50 mg 
catalyst, 50 mL 1% CO balanced with air. Reprinted with permission 
from ref. 95. Copyright @ 2009 Wiley-VCH. 60 

 
Fig. 16 CO oxidation conversion curves of the Pd@CeO2 yolk-shell 
catalyst treated at 350 oC and 550 oC, supported Pd/SiO2 NPs calcined at 
350 oC, and hollow CeO2 treated at 350 oC. Reprinted with permission 
from ref. 101. Copyright @ 2012 Wiley-VCH. 65 

Schüth et al. investigated the catalytic activity of Au@ZrO2 

yolk-shell nanostructures with a Au core of about 14 nm for CO 
oxidation in comparison with Au@C yolk-shell nanostructures of 
the same core size.96 The activity of carbon-based catalysts was at 
least one order of magnitude lower than that of ZrO2-based 70 

systems, indicating that ZrO2 had strong positive effect on the 
activity of Au NPs. Stucky et al. studied the Au@ZrO2 yolk-shell 
nanostructures with 6.3 nm Au core and 20 nm ZrO2 shell for 
catalytic CO oxidation (Fig. 15),95 and found no significant 
activity even after treatment at 300 oC. As comparison, the yolk-75 

shell nanostructures with TiO2 shells exhibited better 
performance, especially after being calcined at 300 oC, revealing 
better synergetic effect between Au NP core and the porous TiO2 
shell. Zheng et al. used the multi-yolk-shell Pd@CeO2 
nanocatalysts with 5 nm yolk Pd cores for catalytic CO oxidation 80 

(Fig. 16).101 These nanocomposites displayed a high catalytic 
activity with 100% CO conversion at 110 oC. To further explore 
the role of CeO2 shells during catalytic CO oxidation, the 
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supported Pd/SiO2 samples were used as the contrast samples, 
which showed the complete oxidation of CO at temperatures of 
above 180 oC. This result demonstrated a significant promotion 
effect of CeO2 on the catalytic activity of the Pd NPs in the yolk-
shell nanostructures. 5 

Impressively, both the movable core and hollow shell in the 
yolk-shell nanostructure are easily tailored and functionalized to 
generate novel properties, and the enclosed void space of yolk-
shell nanostructures could be used for confinement of more 
reactants accessible to noble metal cores. For example, Schüth et 10 

al. synthesized Au@ZrO2 yolk-shell nanostructures with 15 nm 
Au cores for catalytic CO oxidation (Fig. 17).122 It was found that 
the temperature for complete conversion was about 200 oC. A 
further enhancement in the activity was achieved by simply 
doping these materials with small amounts of TiO2 around the 15 

yolk Au NPs. 
 

 
Fig. 17 (a) Scheme of Au@ZrO2 and Au/TiO2, @ZrO2 yolk-shell 
nanostructure, and (b) their catalytic performance for CO oxidation in 20 

comparison with Au@TiO2. Reprinted with permission from ref. 122. 
Copyright@2011 Royal Society of Chemistry.  

 

5. Conclusion and outlook 
We have reviewed the recent progress in construction of noble 25 

metal NP@metal oxide core/yolk-shell nanostructures as well as 
their applications in heterogeneous catalysis. With the rapid 
development of synthesis chemistry, many noble metal 
NP@metal oxide core/yolk-shell nanostructures have been 
successfully fabricated via different strategies, e.g., seed-based 30 

two-step growth, one-pot method and partial oxidation of the 
outer-layer metals for the core-shell nanostructures; template-
assisted method and template-free method for the yolk-shell 
nanostructures. Remarkably, when both nanostructures are used 
as catalysts, they have exhibited many unique advantages as 35 

follows: (1) The metal oxide shells effectively encapsulate the 

active noble metal cores and prevent leaching or severe particle 
agglomeration in comparison with the traditional supported 
catalysts, thus exhibiting the enhanced chemical or thermal 
stability during the catalytic process. (2) The maximized 40 

contacting interface between noble metal cores and metal oxide 
shells in the core-shell nanostructures could bring new 
possibilities for generating the collective properties and tuning 
the catalytic functions. (3) Free noble metal cores inside the 
hollow shells allow for exposure of their whole surface to contact 45 

with the reactants in a relatively homogeneous surrounding 
environment, which result in increase of the reaction rates. (4) 
The metal oxide shells in the core/yolk-shell nanostructures are 
easily tailored to offer a number of functionalities, for instance, 
selective percolation of molecules in and out to improve the 50 

catalytic selectivity.  
However, though tremendous advances have been made, the 

study on core/yolk-shell nanostructures is still in its infancy, and 
many challenges remain to be solved: (1) Most synthetic 
strategies described the above are in general not viable for 55 

synthesis of noble metal cores with the sizes of less than 10 nm, 
which is considerably bigger than the critical size to achieve the 
high catalytic performance. For example, Au NPs of 2-5 nm in 
size that are supported on transition metal oxides such as 
Fe2O3,123 TiO2,124 and ZnO125 have been found to exhibit the 60 

exceptional catalytic activity for CO oxidation at room 
temperature or lower. Furthermore, shape selectivity is one of the 
crown jewels in heterogeneous catalysis,33 and different shapes of 
core-shell nanostructures are highly correlated with their catalytic 
properties; however, the morphology control of both the cores 65 

and the shells are rarely reported. (2) Though different strategies 
have been developed to fabricate the core/yolk-shell 
nanostructures, most of the obtained shell materials are limited to 
several metal oxides, such as TiO2, CeO2, and ZrO2. As a result, 
the core/yolk-shell nanocomposites possess the limited capacity 70 

to tailor the catalytic properties of the core-shell nanostructures. 
(3) In most of the core/yolk-shell catalysts, the metal oxide shell 
are typically served with only one function, that is, acting as a 
protective layer to prevent aggregation between particles during 
the reaction. As a result, previous works are mainly focused on 75 

investigation of single-step reaction, and the multi-step cascade 
reactions via both shells and cores are rarely reported, which are 
extremely important for sustainable synthesis with lower cost, 
fewer chemicals and less energy. (4) In comparison with 
traditional supported catalysts, the unique collective and 80 

synergetic functions of noble metal core and metal oxide shell in 
the core/yolk-shell nanostructures are still not well understood, 
mainly due to the difficulty in precise control of the surface 
structure of noble metal cores, the diffusion rates of reactants 
through porous metal oxide shell, and the limited characterization 85 

on the interface between cores and shells. Therefore, the 
knowledge on correlations between the physiochemical properties 
and the catalytic performance of the core/yolk-shell 
nanostructures is preliminary. 

To solve the above challenges, herein we suggest the on-going 90 

research works for the core/yolk-shell nanostructures as catalysts: 
(1) It is extremely important to develop new synthetic methods or 
modify current techniques to construct the well-defined noble 
metal NP@metal oxide core/yolk-shell nanostructures, in which 
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the sizes and shapes of noble metal cores as well as the 
thicknesses and structures of the metal oxide shells can be tuned. 
More importantly, the mechanism about the heterogeneous 
nucleation and growth of the metal oxide shells on the surface of 
noble metal cores need to be studied in detail, and the interfacial 5 

transition between the cores and the shells should be further 
illustrated. (2) More functionality should be explored for the 
core/yolk-shell nanostructures in order to target different catalytic 
reactions. The design and creation of more complex core/yolk-
shell structures with multiple components and well-controlled 10 

interactions are required to upgrade the simplest motif in two-
component systems, such as noble metal cores in the form of 
alloy or core-shell structure,126-128 composite metal oxides as the 
shell materials,129 or combination of both. Such core/yolk-shell 
nanostructures of the complex arrangements are likely to bring 15 

new benefits to many one-step catalytic reactions and even to 
multiple cascade reactions. (3) Armed with different 
characterization techniques and theory calculations, the 
fundamental understanding is highly desirable to better tune the 
catalytic performance of the core/yolk-shell nanostructure, e.g., 20 

the diffusion and transfer behaviours of both reactants and 
products via the shells, the charge distribution between the shells 
and cores, the Schottky barrier at the interface between metal 
oxide and noble metal, and etc. To identify these knowledges will 
contribute to fabrication of the core/yolk-shell nanostructures 25 

with high activity, excellent selectivity and long-term stability. 
In conclusion, as the alternatives of the traditional supported 

catalysts, noble metal NP@metal oxide core/yolk-shell 
nanostructures have been showing great potential as a new 
generation of high-performance catalysts, which will eventually 30 

benefit the sustainable industrial applications in the future.  
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