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1.  Introduction During the past few decades, there have been comprehen-sive studies on nanocatalysts with many innovative advances in the precise manipulation of their structure and morphology on a nanometer scale by both chemists and material scientists [1]. In comparison to bulk catalysts, nanocatalysts have a high sur-face-to-volume ratio due to the small particles and have a large fraction of active atoms with dangling bonds exposed on the surface, which can give rise to a significant increase in catalytic activity [2,3]. The core-shell nanoparticle structure, with an inner core encapsulated by an outer shell, is considered a good platform for the fabrication of high performance nanocatalysts [4–10]. Core-shell nanocatalysts not only can improve the cat-alytic performance, but also can effectively prevent the migra-tion and aggregation of the nanoscale active sites due to the protective shell. Hence, the design and synthesis of multifunc-tional nanocatalysts on the basis of a core-shell structure can create new opportunities for their applications in heterogene-ous catalysis [11–15].  We summarize the recent progress on the design and fabri-cation of multifunctional core-shell nanocatalysts (Fig. 1), mainly discussing synthesis principles and catalytic perfor-mance. We first summarize the state-of-the art progress in the strategies for preparing hollow core-shell nanoparticles (the core diameter is smaller than the inner diameter of the shell) with different shapes, compositions, and mobile (single or mul-tiple) cores. Then, magnetic core-shell nanocatalysts, where a magnetic nanoparticle is the core material, are introduced that use shell materials such as silica, carbon and polymers. Then, a series of very compact multifunctional core-shell nanoreactors for tandem reactions are discussed in terms of the activity, se-lectivity and stability of a one-pot catalytic process. Finally, we review the challenges and future developments in multifunc-tional core-shell structured nanocatalysts. We believe that the continuous study of such engineered multifunctional core-shell structures will facilitate a deep understanding of the correla-tion between the catalyst structure and performance. In turn, the knowledge gained will guide us in the precise preparation of high performance catalysts for increasing product yield and saving operation time and resources. 

2.  A hollow core-shell nanostructure as a platform for the 
fabrication of a nanocatalyst The hollow core-shell nanostructure, i.e., yolk-shell or nanorattle, is a special class of core-shell structure with a dis-tinctive core@void@shell configuration. It has generated a great deal of interest due to its complex hierarchical nanostructure and intriguing properties, such as low density, high surface area, and interstitial hollow spaces. When used as a nanocatalyst, a hollow core-shell nanostructure with a metal core (e.g., Au, Ag, Pt, Ni) is among the most important catalysts with a high catalytic activity for several important heterogene-ous catalysis reactions. The shell plays an important function in the preservation of the composition and structural integrity of the entire catalyst, and prevents the core from aggregating or sintering to large particles. The porosity of the shell and chem-ical composition of the shell surface can also be tuned to selec-tively control the diffusion of molecules into and out of the in-

Fig. 1. Illustration of core-shell nanocatalysts with different structures.
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terior cavity to increase the solubility and/or biocompatibility of the overall nanostructure, and to add new physical or chem-ical properties [16–18]. Among the various approaches, the selective etching meth-od pioneered by Xia’s group [19] has been widely used for the synthesis of the novel Au@poly(benzyl methacrylate) (PBzMA) hollow core-shell nanostructure. This hollow core-shell nanostructure represents a unique system for the diffusion of chemicals through the shell. Following this work, significant development has been made in the preparation of catalysts with this structure including Au@TiO2 [20,21], Au@ZrO2 [22–25], Pd@CeO2 [26], and Pt@TiO2 [27]. As an example, the Au@SiO2 hollow core-shell nanostructure (Fig. 2) was synthesized by the selective etching of the gold core by KCN [28], when Au@SiO2 core-shell nanoparticles were first synthesized using the classical Stöber method. As shown in Fig. 2(a), a silica shell is evenly coated on a spherical core with an average gold core size of 120 ± 10 nm and SiO2 shell thickness of 32 ± 2 nm. More importantly, by repeating the KCN treatment, the average size of the gold cores were reduced without damaging the silica shells. When the gold core was etched, its surface became rougher with sharp edges and facets because of the different activities of the different crystal facets. When using the Au@SiO2 hollow core-shell nanoparticles as a catalyst for the reduction of p-nitrophenol by NaBH4, the resulting reaction rate constant was decreased from 1.4×10–2 to 3.9×10–3 s–1 as the core diameter was reduced from 104 to 43 nm (Fig. 2(c)). The TOF was increased five times from 6.6 to 36 s–1 when the core diameter was reduced from 104 to 43 nm. That was due to the decrease of the particle size leading to the increase in low coordination metal sites such as vertices, edges and kinks, which result in the effective adsorption of the reactants and facilitating the reaction rate. In addition, the porosity of the SiO2 shell can be tuned by using long alkyl chain siloxanes such as C18TMS (octadecyltrimethoxysilane). The surface of the Au nanoparticles core can be functionalized using a terminal carboxylic acid ligand such as 3-mercaptopropionic acid [29].  Using a similar acid etching treatment, Ni@SiO2 hollow core-shell nanocatalysts were also synthesized by partial etching of the nickel cores [30,31]. Adjustment of the hydrochloric acid concentration allowed nickel cores with different diameters to be obtained. Due to the protection of the 

SiO2 shell, the Ni@SiO2 retained its hollow core-shell morphology without Ni agglomeration even after a high temperature treatment at 500 °C for 2 h under a H2 atmosphere. When used for steam methane reforming reac-tions, the Ni@SiO2 nanocatalyst showed a remarkably im-proved activity over the commercial catalysts, with excellent stability. This indicates that the rational design of the catalyst is a powerful way to improve the catalytic performance in terms of activity, thermal stability, and recyclability. A hard-templating method has also been used as a general and effective strategy for the synthesis of hollow core-shell nanocatalysts because of the mechanical stability of the hard template. The synthesis procedure includes the following three steps: noble metal nanoparticles are first coated with a layer of solid material to form a core-shell nanostructure, a shell mate-rial is deposited onto the surface of the solid material to form a sandwich nanostructure, which is followed by selective remov-al of the solid material layer using liquid dissolution or gas phase calcination [32].  Using this strategy, Schüth and co-workers [33–35] first made a core-shell Au@SiO2 nanostructure and then they selectively etched part of the Au core by KCN to reduce the particle size. Then, they continued to coat another ZrO2 shell onto the SiO2 surface, and finally the Au@ZrO2 hollow core-shell nanostructure was obtained by removing the intermediate SiO2 template. The authors investigated the cata-lytic activity of a Au@ZrO2 yolk-shell nanostructure with a 14 nm gold core for CO oxidation and compared this with a Au@C yolk-shell nanostructure of the same core size. The activity of the carbon-based catalyst was at least one order of magnitude lower than that of ZrO2. Stucky et al. [36] have reported an as-sembly route to prepare a hollow core-shell catalytic nanore-actor with a 6.3 nm gold nanoparticle core and a mesoporous ZrO2 or TiO2 shell starting from monodisperse hydrophobic Au nanoparticles. When used for catalytic CO oxidation, the Au@TiO2 hollow core-shell nanostructure exhibited good per-formance, especially after calcination at 300 °C, which revealed an improved synergetic effect between the gold core and the porous TiO2 shell.  Besides the hollow core-shell nanostructure with a single metal core, multi-core metal-based yolk-shell nanocatalysts have also been developed. Song’s group [37,38] succeeded in growing several Pd nanoparticles inside a mesoporous silica 

Fig. 2. TEM images of (a) Au@SiO2 core-shell nanostructures; (b) Au@SiO2 hollow core-shell nanocatalysts; (c) Plot of ln(Ct/C0) versus time for these hollow core-shell nanocatalysts [28]. 
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sphere as a yolk-shell nanoreactor, which gave a high activity of 99.5% yield in 3 min for Suzuki cross-coupling reactions. In addition, multiple gold nanoparticles were also entrapped by a poly(styrene-co-methylacrylic acid) shell. With this nanoreac-tor as the catalyst for aerobic alcohol oxidation to form the acid, the reaction was completed in 30–120 min, and had a TOF ranging from 100 to 400 h–1.  In addition to the above approaches, Tang and co-workers [39] synthesized a silica yolk-shell nanocatalyst with a gold nanoparticle confined inside the hollow void using an impreg-nation method (Fig. 3). The Au particle size was varied by changing the concentration of the HAuCl4. This type of hollow core-shell nanocatalyst showed high catalytic performance in the reduction of 2-nitroaniline to produce phenylenediamine. Yang’s group [40,41] confined the solid acid-based core (poly-styrene sulphonic acid resins) inside a hollow silica nano-sphere. The hybrid yolk-shell solid acid catalyst demonstrated high activity and selectivity in a series of important ac-id-catalyzed reactions, which can be an efficient strategy to fabricate hybrid solid acid catalysts for green chemical pro-cesses. Bao’s group [42] have encapsulated metallic Fe nano-particles into the compartments of pea pod-like carbon nano-tubes. Due to the protection of the carbon nanotubes, the direct contact of the metal particles with the harsh environment, in-cluding the acid medium, and oxygen and sulfur contamination, was avoided. More importantly, the protection tubes did not impede the activation of O2 and the catalyst had high activity and long term stability in ORR even in the presence of SO2 poi-son. It is very impressive that both the mobile core and hollow shell in the yolk-shell nanostructure are easily tailored and functionalized to generate novel properties, and the enclosed void space of the yolk-shell nanostructure can be used for the confinement of more reactants with access to the active sites. However, although much advance has been made, the study of hollow core-shell nanostructures is still in its infancy. To meet the requirements of practical applications, hollow core-shell nanocatalysts with more complex structures and new components of the core and shell are still desired. 

3.  Magnetic core-shell nanocatalysts for facile separation Nanocatalysts are considered a bridge between homogene-ous and heterogeneous catalysts [43,44]. In general, they show high catalytic activity and selectivity. Nevertheless, a remaining issue is to have an effective separation and recovery of the nanocatalysts [45]. To do this, the fabrication of a magnetic nanocatalyst would allow easy recovery with an external mag-net. To date, many magnetic nanocatalysts have been synthe-sized by the entrapment of the noble metal and grafting ligands onto the surface of the magnetic support, or by embedding active components in a magnetic composite [46–48]. To suc-cessfully apply the magnetic nanocatalyst, it should have the properties of long term magnetic stability, and high activity and selectivity.  Recently, magnetic materials with a core-shell structure have been investigated as magnetically recyclable catalysts for heterogeneous reactions [49–52], in which the shell consists of the catalytically active species and the magnetic core acts as the anchor to separate and recycle the catalyst [53–55]. One ma-ture methodology is to coat the previously synthesized cores with silica. For example, Salgueiriño-Maceira and coworkers [56] reported the synthesis of iron oxide nanoparticles coated with a silica shell that were subsequently functionalized with gold nanoparticles. Bedford et al. [57] demonstrated that iron nanoparticles stabilized by 1,6-bis(diphenylphosphino)hexane or polyethylene glycol exhibit high activity for the cross-coupling of aryl Grignard reagents with primary and secondary alkyl halides bearing β-H atoms. This catalyst was proven effective in a tandem ring-closing/cross-coupling reac-tion.  Yin’s group [58–62] have made substantial contribution in developing recoverable nanocatalysts with a core-shell struc-ture that much improved the stability of the catalytic nanopar-ticles using a general “encapsulation and etching” strategy. To increase the loading and have magnetic separation of the cata-lytic nanoparticles, they developed a core-satellite nanocatalyst system with a sol-gel process [63]. As shown in Fig. 4(a), a 

Fig. 3. (a) Schematic of the preparation of a gold core in silica nano-rattle; (b)–(d) TEM images of the silica hollow core-shell nanocatalystwith a Au nanoparticle synthesized with the HAuCl4 concentrations of0.025 mol/L, 0.05 mol/L, and 0.2 mol/L [39]. 

Fig. 4. Synthesis procedure (a) and typical TEM image (b) of a porous silica protected Fe3O4/SiO2/Au composite structure. (c) Magnetization 
M as a function of applied external field H for a typical composite cata-lyst at room temperature. The photos in the inset demonstrated the convenient separation of the catalyst using an external magnet. (d) Plot of the conversion C of 4-NP as a function of reaction time t in six succes-sive cycles of reduction and magnetic recycling using the Fe3O4/SiO2/Au core-shell composite catalyst [62]. 
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core-shell Fe3O4/SiO2 was first fabricated. Afterwards, a mono-layer of gold was immobilized on the surface of the silica colloid using a coupling agent. The core-shell structure was then coat-ed with another layer of silica to the desired thickness to fix the position of the gold nanoparticles. Finally, a “surface-protected etching” technique was applied to make the outer shell meso-porous, and the average pore size increased by etching. Gold nanoparticles were sandwiched between the solid silica core and porous silica shell. This configuration allowed the gold particles to remain stable against coagulation and they were accessible to the reacting species outside the shell (Fig. 4(b)). In the liquid phase reduction of 4-nitrophenol (4-NP), both the rate constant and TOF showed a higher catalytic efficiency for the Au nanocatalyst confined in a silica shell with large meso-pores. The enhanced diffusion of reactants in the large pores was responsible for the increased catalytic efficiency. Further-more, the catalyst can be collected by a magnet for reuse and good activity was maintained over six recycles (Fig. 4(c) and (d)).  Distinct from the “encapsulation and etching” strategy, Lu and co-workers [64] synthesized a core-shell catalyst stable at high temperature for ammonia decomposition by the base-catalyzed hydrolysis of tetraethyl-orthosilicate with cetyltetra-methylammonium bromide (CTABr) as a porogen. A highly active catalyst was fabricated based on α-Fe2O3 nano-particles coated by a porous silica shell by a bottom-up ap-proach. The catalysts show high activity, particularly above 600 °C, while maintaining stability up to 800 °C. No diffusion limita-tion was detected, which was possibly due to the porous silica shell. No visible agglomeration occurred in the core-shell cata-lyst during catalytic tests up to 800 °C. All the iron-based parti-cles were still centered within the unchanged porous SiO2 shell. Due to the shell protection, the catalyst was very stable at 750 °C and maintained a conversion of 80% for the testing period time of 33 h. Zhao’s group [65] reported a novel multicomponent and multifunctional Fe3O4@SiO2-Au@mSiO2 microsphere with a well-defined core-shell-shell nanostructure. They made the confined catalytic gold nanoparticles and accessible ordered mesopore channels by combining a sol-gel process, interfacial deposition, and surfactant-templating approach. The designed microsphere, with a magnetization of 18.6 emu/g and highly open and ordered mesopores centered at 2.2 nm, contained protected but accessible gold nanoparticles. The multifunction-al microspheres catalyzed reduction of 4-NP with a high cata-lytic activity of 95% conversion at room temperature and had a highly selective epoxidation of styrene with a selectivity higher than 80% at 82 °C (Fig. 5). As a result of the high magnetite content, the Fe3O4@SiO2-Au@mSiO2 microspheres can be read-ily separated from its solution in less than 1 min by simply us-ing a magnet. No significant decrease in conversion or selectiv-ity was observed after recycling for more than 7 times.  Several research groups have demonstrated the synthesis of various magnetic silica-coated nanostructures [66–69]. Nota-bly, Moon and Hyeon [66] synthesized Fe3O4@mSiO2 particles with tunable diameters of 45, 60, 90, and 105 nm by varying the concentration of the core nanocrystal during the formation 

of the mesoporous silica shell. Lee and coworkers [67] demon-strated the utility of nanorattles as nanoreactors to template the growth of nanocrystals inside the cavity, such as Fe3O4/Au@SiO2. A magnetic core-shell nanohybrid, Fe3O4@SiO2@Pd-Au, was synthesized by reducing palladium and gold cations previously bonded to the amine lig-and-modified surface of silica-encapsulated Fe3O4 nanoparti-cles. This served as an efficient and recyclable catalyst for the liquid phase hydrodechlorination of 4-chlorophenol under mild conditions [68].  The large scale and easy synthesis of colloidal core-shell and other hybrid nanoparticles by solution chemistry approaches has been pursued by chemists. Lu’s group [70] demonstrated a facile and controllable synthesis route for the fabrication of a mushroom nanostructure (FexOy@PSD-SiO2) and its hollow derivatives. The synthesis consists of the partial coating of FexOy (Fe3O4 or Fe2O3) with a polymer sphere, followed by at-taching a silica hemisphere (Fig. 6). The surface and accessible FexOy nanoparticles on the Janus-type FexOy@PSD nanospheres were the key for directing the growth of the silica hemisphere on the FexOy@PSD seeds. The size and porosity of the silica hemispheres were tunable by adjusting the amount of TEOS used and addition of a proper surfactant via a Stöber process. After the iron oxide cores were leached out with concentrated hydrochloric acid, a mushroom nanostructure with a hollow interior was obtained. The morphology of the hollow interior faithfully replicated the shape of the iron oxide core previously filling this void. This synthesis strategy provides a controllable method for the large scale preparation of an asymmetric col-loidal nanostructure, which can be the building block for the assembly of new types of nanostructures. In contrast to porous silicas, porous carbon and especially a hollow carbon nanostructure are considered promising candi-

Fig. 5. (a) and (b) TEM images, (c) low-angle XRD pattern and (d) cata-lyst reusability of the Fe3O4@SiO2-Au@mSiO2 microspheres for the reduction of 4-nitrophenol with NaBH4 [65]. 
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dates as a catalyst support due to the large fraction of void space in the hollow structure, low effective density and high specific surface area [71]. Lu and co-workers developed a new and facile method for the fabrication of a bifunctional magnetic yolk-shell type nanocatalyst [72] by the direct encapsulation of magnetic Fe3O4 nanoparticles within the hollow core and in-laying Pt nanoparticles (other noble metals, Pd and Ag, are also possible) in the carbon shell (Fig. 7(a)). The SEM image in Fig. 7(b) shows a cut hemisphere of Fe3O4@h-C/Pt. One can ob-serve that the Fe3O4 nanoparticles were in all cases nicely en-capsulated within the hollow structure, and Pt nanoparticles were embedded on the outer surface of Fe3O4@h-C/Pt. This allowed reactants easy access to the surface-located Pt active sites. The same method can be used to fabricate Pd and Ag na-noparticles supported on a bifunctional yolk-shell nanosphere. The magnetic nanocatalyst was collected by a magnet for reuse, and gave 99 % yield of aniline over seven consecutive runs without deactivation (Fig. 7(c)).  It is widely accepted that a solid acid catalyst is preferable to a liquid acid (e.g., H2SO4, HF, and H3PO4). The latter can cause difficulties in product separation, equipment corrosion, and environmental pollution. Core-shell catalysts using a polymeric shell is interesting since they can be synthesized with a broad range of incorporated functionalities, such as sulfonic acid groups [73]. Using this strategy, Lu et al provided a simple and reproducible method for the preparation of 16-heptadecenoic 

acid-functionalized magnetite nanoparticles, namely, poly(styrene-co-divinylbenzene) encapsulated Fe3O4 nanopar-ticles. This magnetically recyclable catalyst has H+ content in the range of 2.2–2.5 mmol/g and surface area of 45–120 m2/g. When used for the condensation reaction of benzaldehyde and ethylene glycol, it showed high activity, high selectivity and long term stability. This catalyst exhibited its unique properties by combining the advantages of high surface area, colloidal dispersibility in a polar solvent, magnetic separability, and long term stability. Magnetic separation makes the recovery of the catalyst in a liquid phase reaction much easier than by cross-flow filtration or centrifugation, especially when the catalyst is in the sub-micrometer or nanometer size range. These core-shell structured and magnetically separable catalysts combine the advantages of high dispersion and activity with easy separa-tion. The synthesized hybrid catalysts are expected to find use in many important industrial applications where separation and recycling are required to reduce the cost as well as waste production. 
4.  Multifunctional core-shell nanocatalysts for one-pot 
tandem reactions In general, for a multiple step reaction, a tedious separation procedure for the reactants and products is needed. This con-sumes large amounts of energy and solvent, and consequently generate considerable amounts of waste, cause high operation costs and severe environmental pollution. Hence, a rationally designed multifunctional catalyst suitable for a tandem or cas-cade reaction is the key to simplify the synthesis procedure and reduce the amount of waste and lower the operation cost [74–76]. Much attention has been directed to exploit a multifunction-al nanostructure that integrates two or more primary functions in one single catalyst, namely, a tandem catalyst. Such a catalyst must adapt to the reaction conditions and exhibit good com-patibility with the reactants, which are the major hurdles to overcome [77–80]. To efficiently catalyze a tandem reaction, a nanocatalyst with a precisely integrated functionality and spa-tially-controlled location of the active sites are required [81–85]. A core-shell configuration, which allows researchers to independently tune the properties of the core and the shell, such as composition, functionality, and thermal stability, has exhibited significant potential in the rational design of tandem catalysts [86–95]. Significantly, each functional core in the core-shell structure is isolated by a permeable shell and has a homogeneous environment, thus sintering of functional cores can be effectively hindered even under harsh conditions [96–99]. In this section, the recent progress on the synthesis of core-shell based tandem nanocatalysts is discussed. Wu and co-authors [100] have synthesized a novel core- shell structured composite material TS-1@mesocarbon with a mesoporous shell and TS-1 titanosilicate as the core by a nanocasting and selective silica etching strategy. The replica structure was constructed from the hybrid of TS-1@mesosilica and carbon when tetrapropylammonium hydroxide (TPAOH) 

Fig. 6. Synthesis procedure for the mushroom nanostructure (top);Dark field STEM image (a) and SEM and dark field STEM overlappingimage (b) of Fe3O4@DVB-2-SiO2 nanoparticles and TEM image (c) of Fe3O4@DVB-2-SiO2 nanoparticles after HCl leaching [70]. 

Fig. 7. (a) Schematic of the synthesis procedure for a Fe3O4@h-C/noble metal; (b) SEM image of Fe3O4@h-C/Pd after cutting the hollow carbonspheres into hemispheres; (c) Conversion by the recycledFe3O4@h-C/Pt catalyst for the hydrogenation of nitrobenzene [72]. 
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was employed to selectively remove the amorphous mesosilica shell, while the core zeolite crystal structure was not destroyed. Infiltration of Pd nanoparticles into the mesocarbon shell leads to a novel tandem catalyst with bifunctional catalytic proper-ties, i.e., in situ formation of H2O2 and subsequent epoxidation of alkene. The Pd/TS-1@MC catalyst was more active for the direct epoxidation of propylene with H2 and O2 compared to the Pd/TS-1 or hydrophilic TS-1@mesosilica as well as a phys-ical mixture of a commercial Pd/C catalyst and TS-1. In addi-tion, they synthesized a centered radially fibrous silica encap-sulated TS-1 zeolite (TS-1@KCC-1) in a microemulsion system. After the introduction of Rh(OH)3 species, this novel core-shell structured material served as a robust tandem catalyst for the one-pot synthesis of benzamide from benzaldehyde, ammonia and hydrogen peroxide, in which aldehyde ammoximation and oxime rearrangement occurred in a tandem fashion [101]. This synthesis strategy is versatile and applicable to construct core-shell materials with either mesoporous carbon or silica as the shell and desired zeolites such as NaY, ZSM-5 and beta, as the core. Recently, Zheng’s group prepared hollow mesoporous alu-minosilica spheres with pore channels perpendicular to the surface by combining the alkaline etching of solid silica spheres and co-assembly of cationic surfactants, silicate, and aluminate species on the external surface of the solid silica spheres (Fig. 8) [102]. As the mesoporous aluminosilica shells serves as an acid catalyst and the introduced Pd species as catalytic hydro-genation sites, the fabricated Pd/Au@[Na]-HMAS catalysts can be used for one-pot two-step synthesis of 2-(4-aminophenyl)- 1H-benzimidazole from 4-nitrobenzaldehyde and 1,2- phe-nylenediamine (Fig. 8(a)). Nearly 100% conversion of the re-actant 4-nitrobenzaldehyde and 92% yield of 2-(4- aminophe-nyl)-1H-benzimidazole was achieved (Fig. 8(c)), more than anything previously reported [101,103]. For a multifunctional catalyst to work efficiently, different or even incompatible active sites, such as acidic sites and basic 

sites, must be spatially isolated so that they can coexist in one catalyst [104,105]. Several nanostructured silica materials have been employed as the support [106,107] for the site-isolated immobilization of acidic and basic catalytic species [108]. Many research groups have tried to improve the catalytic perfor-mance by controlling the morphology and structure of the cat-alysts [109,110]. Core-shell nanostructures are promising can-didates as nanoreactors for such tandem reactions due to the spatially separated core and shell that can support the different active sites.  Yang’s group [97] demonstrated a fabrication of a tandem catalyst using yolk-shell nanoparticles (YSNs) with controllable chemical composition, spatial separation of functional groups, and tunable porosity of the shell. The tandem catalyst (YS-NH2@SO3H) with a basic core (-NH2) and an acidic shell (-SO3H) was synthesized with the organosilane-assisted selec-tive etching method. The catalytic efficiency of these YSNs as nanoreactors for catalyzing the deacetalization-Henry tandem reaction was demonstrated (Fig. 9). The tandem reaction was efficiently catalyzed by this catalyst with nearly full conversion and selectivity [97]. This suggested that acid on the shell and base in the core were efficiently separated by the unique yolk-shell nanostructure without neutralization. The mixture of YS-NH2@ethanesilica and YS-silica@SO3H can also catalyze the reaction with 55% conversion under the same reaction condi-tions. This synthesis method has been extended to synthesize various functionalized yolk-shell structures, thus providing a general approach for the fabrication of multifunctional nano-reactors. Alternatively, a bifunctional core-shell catalyst with the acid sites in the inner core and the basic group in the outer shell was also prepared by Song’s groups [111]. The acid and basic sites on the mesoporous silica nanospheres were spatially isolated. Using the one-pot deprotection-knoevenagel tandem reaction 

Fig. 8. (a) Illustration of the multistep reaction sequence involving anacid catalysis and subsequent catalytic hydrogenation for the synthesisof 2-(4-aminophenyl)-1H-benzimidazole. (b) TEM image of Pd/Au@[Na]-HMAS. (c) Synthesis yield of 2-(4-aminophenyl)-1H-benzimidazolein the five successive reactions with Pd/Au@[Na]-HMAS [102]. 
Fig. 9. Characterization of YSNs with basic cores and acidic shells (YS-NH2@SO3H). (a) TEM image, (b) SEM image; (c) Catalytic perfor-mance of the YSN nanoreactor: The reaction profiles of YS-NH2@SO3H (1), and the mixture of YS-NH2@ethanesilica and YS-silica@SO3H for the Deacetalization-Henry cascade reaction (2); (d) Schematic illustra-tion of the cascade reaction in a YS-NH2@SO3H nanoreactor [97]. 
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as the model reaction, the rationally designed spatial ordering of acid sites and basic sites led to excellent activity and selectiv-ity in two types of reaction sequences, with nearly full conver-sion of the starting reactants and nearly 100% yield of the tar-get products. To take one step further, the fabrication of core-shell tan-dem nanocatalysts with a delicate structure, which combine two different types of catalytically active sites with a magnetic functionality as a multifunctional nanosystem for one-pot cas-cade reaction sequences is still a great challenge. Recently, Song and co-workers [112] presented a hierarchical core-shell satel-lite structured composite system Fe3O4@MS-NH2@Pd. This was composed of Pd nanoparticles well dispersed on amino group functionalized mesoporous silica (MS-NH2) nanospheres, and superparamagnetic Fe3O4 nanoparticles were scattered inside the silica sphere. The composite combined the catalytic proper-ties of the amino groups and Pd nanoparticles with the para-magnetic properties of magnetite. Hyeon’s group [113] also reported a one-pot synthesis of a magnetically recyclable mes-oporous silica catalyst for acid-base tandem reactions. The catalyst showed excellent performance with very high yield and selectivity for the conversion of benzaldehyde dimethyl acetal to 1-nitro-2-phenylethylene via benzaldehyde using tandem acid-catalyzed deacetalization and base-catalyzed Henry reaction. They also present results of the effect of pore size on the catalytic activity of the mesoporous materials. The comparison studies revealed that the larger pore-sized materi-als exhibited a higher catalytic activity than the smaller pore-sized ones [113]. This integrated nanosystem was an efficient magnetically recyclable multifunctional (i.e., noble metal-base, acid-base, zeolite-metal) catalyst and showed excellent catalytic activity, selectivity and stability under mild conditions for facile one-pot multistep cascade reaction sequences. 
5.  Summary and perspective The focus was on the recent progress of the synthesis and catalytic application of multifunctional nanocatalysts with a core-shell configuration. The engineering of a core-shell nano-catalyst with the appropriate components, spatial arrangement, and interface chemistry significantly enhances the stability, activity, and recyclability. The incorporated functionalities range from a facile separation ability, using magnetic particles embedding or post-modification, to the manipulation of multi-ple catalytically active phases in one compact catalyst to give finally a multifunctional nanostructured catalyst system. In most cases, porous silica and carbon are used as the shell mate-rial due to their useful chemistry, tunable structure, easy func-tionalization, and good stability. In addition, polymeric shells are also interesting in this field because they can be synthe-sized with a broad range of incorporated functionalities, such as sulfonic acid groups for acid catalysis. For designing a core-shell catalyst with multi-component active sites, the immobilization of active species on one catalyst is the necessary prerequisite to isolate them and prevent their interference with each other. In addition to the spatial isolation 

of active sites, a higher goal in catalyst design is to rationally arrange the location of the active sites so that the order of the reaction sequence, order of the active site location and direc-tion of mass transport on the catalyst surface can be optimized. The concept to use programmed core-shell catalysts with mul-tiple components and adjustable functionalities is likely to ful-fill various functions, especially for magnetically separable tandem catalysts with a more complex structure design. High quality (e.g., well-defined structures, controlled size, and tuna-ble surface property) core-shell nanohybrids are more desira-ble in many cases of catalysis for both fundamental research and practical applications. Although the present preparation procedure and cost of these nanostructures may limit their utilization in industry, new and improved core-shell nanostructures for catalytic application are being discovered with the development of the new synthesis methodologies. We believe the novel nanostructures will have a particularly large impact on the sophisticated design of high performance nano-catalysts for sustainable development.  An-Hui Lu State Key Laboratory of Fine Chemicals, School of Chemical Engineering, Dalian University of Technology, Dalian 116024, Liaoning, China Tel/Fax: +86-411-84986112 E-mail: anhuilu@dlut.edu.cn Received 15 February 2015 Published 20 May 2015 DOI: 10.1016/S1872-2067(14)60298-9 
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 Recent development of hollow core-shell nanocatalysts, magnetic nanocat-alysts and tandem catalysts with core-shell nanostructures for improving catalytic efficiency, stability and recyclability was reviewed. 
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