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Abstract: Design of multicomponent yolk-shell structures is crucial for the fabrication of 

micro/nanoreactors for a variety of applications. In this work, we report the rational design and 

synthesis of yolk-shell structured submicroreactors with loaded metal nanoparticles into ZnO-

microporous carbon core-shell structures. The solvothermal treatment and carbonization process of 

uniform zeolitic imidazolate framework-8 (ZIF-8)@resin polymer core-shell structures led to the 

generation of yolk-shell structured ZnO@carbon. The synthesis conditions were optimized to track 

the evolution of ZIF-8 in a confined space of resin polymer as a submicroreactor itself. It has been 

found that nanoribbon evolution occurs via the formation of the intermediate needle-like particles. 

The Pd&ZnO@carbon submicroreactor is shown to be a highly selective catalyst (selectivity >99%) 

for hydrogenation of phenylacetylene to phenylethylene. The excellent performance of 

Pd&ZnO@carbon particles is evidenced by higher conversion and selectivity than that of Pd/ZnO and 

Pd/C with similar Pd loading. Furthermore, Pd&ZnO@carbon submicroreactors showed superior 

catalytic stability, and no deactivation after 25 hours of reaction. The proposed strategy is promising 

for the design of multifunctional micro/nanoreactors or nanocontainers for construction of artificial 

cells. 
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1. Introduction 

The design of appropriate reactors is one of very important steps in chemical reaction 

engineering. The flow dynamics, mass transfer, heat transfer, and reaction kinetics are of great 

significance for performance of reactors with optimal operating conditions. With the development of 

nanotechnology, the design and fabrication of reactors from meter scale to micro and nano scale 

becomes possible. 

 In the area of materials sciences, the yolk-shell structures with tailored physical and chemical 

properties have showed great potential in a variety of applications including catalysis, drug release 

and delivery, energy storage and conversion. [1-6] In particular, the yolk-shell structured nanoparticles 

are ideal for micro/nanoreactors because they can mimic the structure of living cells able to achieve 

high efficiency and superior selectivity. However, these artificial cells in addition to high efficiency 

and super selectivity show excellent stability against sintering at high temperatures. The yolk-shell 

nanoparticles with distinctive structures and tunable functionalities in both core and shell have been 

fabricated by selective-etching, soft-templating, Ostwald ripening, ship-in-bottle methods, galvanic 

replacement method and Kirkendall effect based methods. [7-12] However, there is still a great 

challenge in designing micro/nanoreactors with precisely controlled composition and selective active 

sites suitable for cooperative catalysis, coupling and Cascade reactions. As compared to the chemical 

processes in the meter-scale reactors, there is still a great challenge to study chemical reactions at 

the nanoscale by monitoring the transfer of reactants and products, heat transfer, and reaction 

kinetics. 
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As one of the representative class of metal organic frameworks (MOFs), zeolite imidazolate 

frameworks (ZIFs) have been commonly used as heterogeneous catalysts because of uniform pore 

size, well-controlled morphology and good chemical stability.[13-17] Recent efforts have been focused 

on the design of nanocatalysts at the atomic level on the basis of MOFs.[18-36] For example, Tang and 

co-workers reported a stable sandwich structure of MOF@Pt@MOF with superior efficiency and 

selectivity for hydrogenation of α,β-unsaturated aldehydes. [25] Telfer et al. reported the ZIF-derived 

hollow carbon capsules with confined monometallic or bimetallic nanoparticles and showed that the 

formation of hollow structures can prevent sintering and detachment of nanoparticles, and 

simultaneously assure the efficient mass transport and excellent catalytic activity for hydrogenation 

of nitroarenes. [28] Followed up this work, the same group also developed a general synthetic 

strategy to encapsulate multi-metallic particles in the porous carbon framework, which exhibited 

superior electrocatalytic properties. [29] 

In our previous work, we reported the fabrication of monodisperse resorcinol-formaldehyde resin 

and carbon spheres via the extended Stӧber method. [37] Based on the recent developments in the 

area of carbon spheres, [38-49] the versatile technique was used for the fabrication of core–shell and 

yolk–shell metal oxide-carbon composites with unique core@void@shell structures and various 

morphologies such as polymer@polymer, [40] Ag@polymer, [41] α-Fe2O3 nanospindle@polymer[42] and 

Fe2O3box@polymer[43]. In addition, when metal nanoparticles such as Ag, Pt [41, 44] are introduced into 

carbon spheres, it is interesting to find that hollow carbon frameworks are generated because these 

metal nanoparticles could probably catalyze the conversion of carbon spheres to hollow structures 

during pyrolysis. However, the detailed mechanism of the structure evolution of carbon spheres is 

still unclear, the structure of these materials is limited to yolk-shell nanoparticles with similar 
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compositional and morphological cores and shells, and the control of the shell structure and its 

thickness is difficult. The main reason is that different materials with distinct physical and chemical 

properties are difficult to manipulate simultaneously during material synthesis. Besides, it is very 

important to have separate active nanoparticles to preserve their chemical properties.  

Herein, inspired by the Stӧber-type synthesis of colloidal polymer spheres, we report a 

spontaneous phase transformation of the ZIF-8@resin polymer core-shell structures to 

ZnO@polymer yolk-shell structures under mild solvothermal conditions. Coating resin polymer on 

the surface of ZIF-8 creates a “nanoreactor”, in which the aforementioned phase transformation 

takes place. Besides, this method could also be extended to control the morphology of the internal 

core, ZnO, and the thickness of the surrounding shell. In addition, Pd metal nanoparticles can be 

encapsulated within the carbon framework. The catalytic activity of the resulting Pd&ZnO@carbon 

particles was evaluated in a selective hydrogenation of phenylacetylene to phenylethylene. These 

distinctive features of the Pd&ZnO@carbon particles are concluded as follows: i) a unique reaction 

environment is provided for reactant accumulation in heterogeneous catalysis due to the void 

between ZnO core and carbon shell, ii) a basic atmosphere is fabricated through the in-situ growth 

of ZnO core for easy desorption of phenylethylene and avoiding over hydrogenation; iii) the catalytic 

core nanoparticles can be protected via the outer carbon shell by suppressing their agglomeration. 

Our synthetic strategy empowers the rational design of multifunctional catalysts with enhanced 

chemical properties and the void space between the core and shell providing sufficient space to host 

many cargos as micro/nanoreactor or nanocontainer for various applications. 

2. Results and Discussions 
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2.1. Structural analysis 

    The synthesis strategy of yolk-shell structured ZnO/carbon (ZC) is schematically depicted in 

Scheme 1a. Two methanol solutions of zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and 2-

methylimidazole (HMI) were mixed for 24 h at room temperature to generate uniform ZIF-8 particles 

as templates. In the first step, the extended Stöber coating method was used to deposit polymer 

layer on the surface of ZIF-8. After generating highly uniform ZIF-8@polymer core-shell structures, 

hydrothermal treatment was used to prepare the yolk-shell structured ZnO@polymer (ZP). 

Carbonization of these yolk-shell ZP structures under nitrogen atmosphere generated the yolk-shell 

structured ZnO@carbon (ZC). In order to investigate the effect of Pd metal catalysts in these 

submicroreactors, Scheme 1b presents the introduction of Pd metal nanoparticles into the yolk-shell 

structured ZnO@carbon. A wet chemical reduction method was used to form Pd nanoparticles on 

the ZIF-8 particles by reduction of Pd salts. Aminophenol polymer layer was then coated on the 

surface of Pd/ZIF-8 particles through the same extended Stöber coating method. Pd&ZnO@carbon 

particles were then prepared via hydrothermal treatment of Pd&ZIF-8@polymer followed by 

carbonization.  

The structures formed at different experimental conditions were characterized by powder X-ray 

diffraction (XRD), transmission electron microscopy (TEM) and dark field scanning transmission 

electron microscopy (HAADF-STEM) imaging and elemental mapping. The XRD pattern of ZIF-8 

crystals (Figure S1) agrees well with the previous reports [24 ,45] and the TEM image of ZIF-8 particles 

(Figure 1a) show a polyhedral structure with a smooth surface and average particle size of about 300 

nm.      After coating polymer layer to form ZIF-8@polymer core-shell structure, the particles still 

remain polyhedral shape but exhibit a rougher surface, as shown in Figure 1b. Figure 1c shows that 
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further hydrothermal treatment for 24 hours of ZIF-8@polymer core-shell structured materials 

induced the generation of yolk-shell structured materials with inner diameters of about 365 nm and 

shell thickness of about 70 nm. Noticeably, it is also very interesting to find that nanoribbons are 

generated in the hollow polymer shell. A similar coating strategy was also introduced by Telfer et al. 

Resorcinol and formaldehyde were initially co-polymerized with the following addition of ZIF-8 

nanoparticles to construct ZIF-8@polymer structure. HCl solution was used to etch ZIF-8 particles to 

obtain hollow polymer shell compared with our hydrothermal method of transforming ZIF-8 to 

ZnO.[28] The scanning transmission electron microscopy (STEM) and the corresponding energy 

dispersive X-ray spectroscopy (EDS) elemental mapping (Figure 1d) were obtained to identify the 

distribution of nitrogen, carbon, zinc and oxygen in this hollow structure. Elemental carbon and 

nitrogen are homogenously distributed in the carbon shell, but zinc and most oxygen atoms are 

present in the core materials only, indicating elemental zinc was confined in the hollow carbon shell. 

This confinement phenomenon can also be confirmed by coating polymer on the surface of ZIF-67 

(Figure S2). To determine the yolk-shell structure of the ZnO@polymer, HAADF-STEM tomography 

was adapted. A 3D reconstruction of ZnO@polymer is shown in Figure 1e. In order to investigate the 

effect of polymer layer in the synthesis of ZIF-8@polymer, ZIF-8 particles were prepared without 

polymer coating. Figure S3 shows that the irregularly shaped particles with decreased average 

particle size of about 110 nm are only generated and nanoribbons are not observed, indicating that 

the polymer coating is essential for the formation of nanoribbons and the evolution of ZIF-8. For 

clarity, the TEM specimen of ZP particles is carefully tilted by rotation around the axis of the holder 

to -30° and +30°, as illustrated in Figure S4. The TEM images with multiple views reveal that the 

nanoribbon cores are indeed located in the inner shell. 
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After thermal treatment of ZP-100 in flowing nitrogen at 700 °C, the yolk-shell structured 

ZnO@carbon with shell thickness of about 45 nm were obtained (as shown in Figure 1f).  As can be 

seen the calcination treatment disintegrates ZnO nanoribbons in the cores into small particles, which 

is probably derived from the chemical reduction reaction between ZnO core and the carbon capsule. 

Telfer and co-workers also found the evaporation of the zinc during the thermolysis of ZIF-

8@polymer. [28] The scanning transmission electron microscopy (STEM) and the corresponding 

energy dispersive X-ray spectroscopy (EDS) elemental mapping (Figure 1g) are presented to identify 

the distribution of nitrogen, carbon, oxygen and zinc. As shown in Figure 1g, the elemental 

distribution is similar to that of ZP-100, indicating that the elemental zinc is confined inside of the 

hollow carbon. In order to know the formation of zinc evaporates, TGA-MS was used to monitor the 

gas products during the calcination of ZnO@polymer. MS measurement is only used to qualitatively 

trace the volatile species. As shown in Figure S5, it is clearly to see that zinc evaporates and CO2 

were detected from TG-MS profile, indicating that ZnO particles were partially reduced to zinc 

evaporates and CO2. To quantify the elemental composition of zinc species in the ZnO@polymer and 

ZnO@carbon, ICP-OES was utilized. The results showed that the weight percentage of elemental zinc 

are 10.9% and 1.51%. Based on TG and ICP results, nearly 95% of ZnO particles were reduced.  

We further demonstrate that Pd metal nanoparticles can be confined in the interior of yolk-shell 

structured ZnO@carbon to generate Pd&ZnO@carbon structures and also to investigate the 

chemical reaction between ZnO core particles and carbon capsule with Pd nanoparticels as catalysts 

as depicted in Scheme 1b. A similar polymer coating method, hydrothermal treatment followed by 

carbonization were used for the synthesis of Pd&ZnO@carbon. The Pd nanoparticles were obtained 

through wet-chemical reduction process in the presence of NaBH4. The TEM images in Figure 2a and 
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HAADF images in Figure 2b and 2c show that highly-dispersed Pd metal nanoparticles have been 

successfully loaded on the surface of ZIF-8 particles. After coating polymer on the surface of metal-

ZIF-8 and subsequent hydrothermal treatment, noble metal nanoparticles have been successfully 

incorporated in the shell of yolk-shell structured ZnO@polymer, as shown in Figure 2d. The polymer 

layer thickness of Pd&ZIF-8@polymer is 48 nm. To determine the dispersion of elements in 

Pd&ZnO@polymer, HAADF-STEM imaging and elemental mapping (Figure 2e) have been used to 

reveal that nitrogen atoms are homogeneously distributed in the polymer framework and metal 

nanoparticles have been successfully confined inside of polymer shell and on the surface of ZnO 

nanoribbons.  

The as-prepared Pd&ZIF-8@polymer particles were carbonized in N2 atmosphere to achieve 

Pd&ZnO@carbon. Thermal treatment of Pd&ZIF-8@polymer at 700 °C under inert environment 

resulted in volatilization and carbonization of the organic constituents and evaporation of zinc. As 

shown in TEM images (Figure 2f), small cubic clusters are present and nanoribbon structures are 

absent inside the hollow carbon structures with shell thickness of about 40 nm. This indicates that 

Pd nanoparticles play an important role as catalysts in chemical reactions between ZnO and carbon 

capsule. To determine the dispersion of elements in Pd&ZnO@carbon, HAADF-STEM imaging and 

elemental mapping (Figure 2g) were used to reveal that nitrogen atoms are homogeneously 

distributed in the carbon framework, zinc and oxygen atoms are visible in ZnO nanoparticles, and 

metal nanoparticles are also situated inside of carbon shells and on the surface of ZnO nanoparticles.  

As a submicroreactor, ZIF-8 polyhedrons coated with resin polymer can be chemically converted 

to ZnO nanoribbon with higher reaction temperature. To further track the evolution of ZIF-8 

polyhedrons@resin polymer during carbonization process, Pd metal nanoparticles were loaded onto 
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ZIF-8 before APF coating, and the conversion of ZIF-8 polyhedrons to ZnO was accelerated in 

presence of Pd as demonstrated in Figures 2f and g. The XRD measurements were performed to 

investigate the phase structure of ZnO@carbon (Figure 3a). Wurtzite ZnO (JCPDS 36-1451) is the only 

phase present in ZnO@carbon. The peaks around 25° probably can be attributed to amorphous 

carbon. The Brunauer–Emmett–Teller (BET) surface area and the pore volume obtained on the basis 

of the nitrogen adsorption isotherm (Figure 3b) are 621 m2 g-1 and 1.0 cm3 g-1, respectively. The XRD 

patterns in Figure 3c exhibit distinct reflections at 2θ of 41.5°, 44.3° and 64.6° for Pd&ZnO@carbon, 

which can be attributed to the (111), (200) and (220) peaks of face-centred cubic (FCC) Pd 

nanoparticles. The N2 adsorption isotherm measured on Pd&ZnO@carbon shows type IV with steep 

H3 hysteresis loop (Figure 3d). The BET surface area and the pore volume are 445 m2 g−1 and 0.58 

cm3 g−1, respectively. This indicates that the as-prepared Pd&ZnO@carbon particles possess 

abundant porous channels ensuring high permeation and mass transfer rates for species involved in 

a catalytic reaction.  

In order to demonstrate the universality of this method, Au&ZnO@carbon and Pt&ZnO@carbon 

were synthesized by replacing Na2PdCl4 with HAuCl4·H2O and H2PtCl6, respectively. Interestingly, 

both Au and Pt nanoparticles served as catalysts to accelerate the ZIF-8 conversion rate (Figure 4). 

Interestingly, Pt nanoparticles were dispersed well during the formation of carbon framework. A 

similar finding was also shown by Telfer et al.[28] The XRD patterns of Au&ZnO@carbon (Figure S6a) 

and Pt&ZnO@carbon (Figure S6c) exhibited characteristic peaks of Au and ZnO, Pt and ZnO, 

respectively. The N2 adsorption isotherm measured on the Au&ZnO@carbon (Figure S6b) and 

Pt&ZnO@carbon (Figure S6d) shows type IV with steep H3 hysteresis loop, indicating the existence 

of micro-mesoporous structure. The BET surface area and the pore volume are 319 m2 g-1 and 0.34 
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cm3 g-1, 477 m2 g-1 and 0.6 cm3 g-1, respectively. The Au and Pt weight loading of Au&ZnO@carbon 

and Pt&ZnO@carbon was about 2% through ICP analysis. The TEM images, HAADF images and 

element mapping images of their precursors including Au&ZnO@polymer and Pt&ZnO@polymer 

have also been shown in Figure S7 to further observe the transformation of ZnO particles. It is shown 

that the structural evolution of ZIF-8 polyhedrons in a confined space can be controlled by increasing 

reaction temperature or loading catalysts. 

 

 

2.2. Catalytic performances 

    In order to evaluate the catalytic performance of the as-prepared Pd&ZnO@carbon particles, the 

selective hydrogenation of phenylacetylene to phenylethylene was performed at 30 °C under 1 bar 

of H2 over a period of 80 minutes. As shown in Figure 5a, the catalytic activity of Pd-encapsulated 

ZnO@carbon particles was superior (conversion 96% and selectivity 99%). As compared with the 

Pd&ZnO@carbon particles, Pd/ZnO particles (Figure S8) (conversion 43%) and Pd/carbon particles 

(Figure S9) (conversion 56%) show relatively lower hydrogenation efficiency (with the same Pd 

loading) and selectivity in the hydrogenation of phenylacetylene. The Pd weight loading of the 

comparable samples including Pd&ZnO@carbon, Pd/C and Pd/ZnO was about 2% through ICP 

analysis. As shown in Figure S10, the conversion of Au&ZnO@carbon and Pt&ZnO@carbon 

nanoparticles for catalytic hydrogenation behaviour proved to be 20% and 86% with similar 

selectivity (99%). In general, several factors including particle composition, size and the nature of the 

support materials are of great importance for catalysts performance.[46-49] As to this novel 
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Pd&ZnO@carbon composite, the high phenylacetylene conversion is probably ascribed to the 

carbon submicroreactor, which can enrich the phenylacetylene accumulation by confinement effect, 

enhancing the collision frequency and adsorption of phenylacetylene on the Pd nanoparticles 

surface.[50] Meanwhile, ZnO nanoparticles in-situ embedded inside the carbon submicroreactor 

provide a basic environment which can promote desorption of phenylethylene and prohibit its over-

hydrogenation.[51] Therefore, the high phenylacetylene conversion and phenylethylene selectivity 

over Pd&ZnO@carbon catalyst can be attributed to the unique multi-functional reactor benefiting 

both the adsorption of phenylacetylene and the desorption of phenylethylene during the selective 

hydrogenation reaction. 

The recycling stability of a catalyst is important in practical applications. To evaluate the 

reusability of Pd&ZnO@carbon, five consecutive cycles were carried out and the reaction time in 

each cycle was fixed at 80 min. As shown in Figure 5b, both conversion activity and selectivity of 

Pd&ZnO@carbon in 5 cycles are maintained, with a selectivity of about 99% for phenylacetylene and 

conversion of around 95.5%. However, as shown in Figure 5b, the initial conversion of Pd/ZnO and 

Pd/carbon catalysts are 43.2% and 56.2% and they decrease gradually with each reaction. Only 

5.5 %and 9.5% conversion of Pd/ZnO and Pd/carbon catalysts are obtained after 5 runs. The superior 

catalytic stability of Pd&ZnO@carbon can also be demonstrated through CO oxidation, as shown in Figure 

S11, indicating no deactivation occurs for Pd&ZnO@carbon catalysts when the catalytic reaction is 

performed at 120°C for 25h with CO conversion ratio about 90%. These results indicate the good 

stability of the Pd&ZnO@carbon catalyst, which make them promising catalysts for the selective 

hydrogenation of phenylacetylene. This reveals that there are no obvious variations in the size, 
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shape and yolk-shell nanostructures, and the carbon shells effectively encapsulate the active noble 

metal cores and prevent leaching or severe particle agglomeration.     

2.3 Morphology evolution via hydrothermal treatment 

To understand the formation mechanism of yolk-shell structured ZnO@polymer, the effect of 

polymer amount, initial synthesis temperatures and reaction time on the morphology evolution of 

ZnO nanoparticles was investigated. The sequence of TEM images, HRTEM images, SAED patterns 

and XRD patterns (Figure 6, S12-S15) corresponding to the formation of nanoribbons and their 

growth at different hydrothermal reaction time and temperature provide some insight into the 

formation of yolk-shell structure. ZIF-8 particles with sodalite topology were consisted with 

tetrahedral Zn ions bridged by imidazolate linkages.[22] As shown in Figure S12, hydrothermal 

treatment for 3h and 12 h results in the shrinkage and dissolution of the ZIF-8 core and the partial 

transformation from polyhedron structure to small nanoparticles, revealing that the prolonged 

thermal treatment breaks Zn-N coordination bonds, which starts dissolution of Zn-imidazole 

framework and further formation of amorphous nanoparticles. It is very clear that the voids 

between the cores and shells start to form asymmetrically, also indicating the region of the edge of 

ZIF-8 is less dense or easier to decompose than the centre. This is obvious from the produced dark 

and amorphous nanoparticles visible on the TEM image (in Figure S12).  Until hydrothermal 

treatment for 24 h, the well-defined nanoribbons are generated.  

TEM images in Figures S13 and S14 depict the impact of hydrothermal temperature on the 

morphology of ZnO nanoribbons. Hydrothermal treatment at lower temperature such as 60 °C 

induces the conversion from polyhedron-structured ZIF-8 particles into needle-like structure. When 
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increasing the hydrothermal temperature to above 100 °C, the polymer shell thickness decreases, 

which results in faster heat transfer from the outside solution to the inner core and the total 

dissolution of ZIF-8 at 140 °C. The conversion from Zn-N coordination bonds to Zn-O covalent bonds 

is completed at relatively high temperatures such as 140 °C. The composite XRD pattern at different 

hydrothermal temperatures highlights the formation of nanoribbon of these samples. From Figure 

6a, the XRD profiles of the samples obtained at 100 °C and 120 °C display additional peaks as 

compared to those recorded for the sample prepared at 60 °C, which reflect the formation of 

wurtzite ZnO (JCPDS 36-1451). After hydrothermal treatment at 140 °C, the peaks of ZIF-8 totally 

disappear, indicating that the complete transformation from ZIF-8 to ZnO nanoribbons. HRTEM and 

SAED (Figure 6b, Figure S13b and Figure S13c) of ZP-60, ZP-100 and ZP-140 for different 

temperatures provide further details on the crystal growth during synthesis. HRTEM analysis of 

nanoribbon structures present in the sample prepared at 100 °C (Figure 6b) indicates that the 

calculated lattice spacing are 0.52 nm, 0.26 nm and 0.25 nm, which can be ascribed to (001), (002) 

and (101) crystal planes of ZnO, respectively. The SAED patterns (inset in Figure 6b) also reveal the 

presence of these crystal planes, which is also confirmed by XRD patterns in Figure 6a. Formation of 

zinc oxide can be described by the following chemical reactions during hydrothermal treatment: 

ZIF-8 (Zn(MI)2) + 2H2O = Zn(OH)2 + 2HMI                           (1) 

Zn(OH)2 = ZnO + H2O                                                              (2) 

Where MI and HMI denote imidazolate ligand and 2-methylimidazole. 

Therefore, ZnO nanoribbon evolution occurs via the dissolution of ZIF-8 and formation of the 

intermediate needle-like particles. 



 

 

  

This article is protected by copyright. All rights reserved. 

16 

 

 

3. Conclusions 

    In summary, we demonstrated the facile synthesis of yolk-shell particles with controllable 

chemical compositions, spatial locations of active components, and tuneable shell layers. 

Multicomponent yolk-shell structured ZnO@polymer particles were prepared through coating 

polymer and subsequent hydrothermal treatment. Yolk-shell structured ZnO@carbon can be 

generated through the carbonization process of ZnO@polymer particles. ZnO nanoribbon evolution 

is observed to occur via disintegration of ZIF-8 and formation of the intermediate needle-like 

particles. The as-prepared Pd&ZnO@carbon particles are catalytically active and stable in the 

hydrogenation of phenylacetylene reaction. The outstanding catalytic performance of Pd-

encapsulated ZnO@carbon particles is evidenced by much higher conversion and selectivity than 

that obtained for Pd/ZnO and Pd/C with the similar Pd loading and superior selectivity, stability and 

reusability. The nanoconfinement effect discussed in this work may open up new prospects for the 

applications of multiple functionalized YSNs as efficient nanoreactors for various applications.  

4. Experimental Section 

Synthesis of ZnO@polymer (ZP) 

In a typical synthesis, CTAB (0.1 g) was dissolved in a mixture of water (20 mL) and ethanol (8 mL). 

Then, an aqueous solution of ammonia (NH4OH, 0.2 mL, 25 wt%) was added and stirred at room 

temperature for 0.5 h, followed by addition of 0.1g of ZIF-8. After stirring for 0.5h, 3-aminophenol 

(0.08 g) was added into that suspension and stirring was continued for an additional 30 min. Next, a 

solution of formaldehyde (0.11 mL) was added. The mixture was stirred for 24 h at room 
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temperature and subsequently heated for 24 h at 100 °C under static conditions in a Teflon-lined 

autoclave. The solid product was recovered by centrifugation and dried at 100 °C for 24 h. 

Subsequent variations of the synthesis process involved alteration of the hydrothermal treatment 

time for 3 and 12 h, respectively (giving the following samples: ZP-3h and ZP-12h), hydrothermal 

temperature at 60 °C, 80 °C, 120 °C, 140 °C (giving the samples: ZP-60, ZP-80, ZP-120 and ZP-140), 

and the amount of 3-aminophoneol, 0.04 and 0.12 g, respectively (giving the samples: ZP-1 and ZP-

2).  
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Scheme 1 Schematic illustration of the fabrication of yolk-shell structured ZnO@carbon (ZC) (a) and 

Pd&ZnO@carbon (b): I) uniform coating of polymer onto the surface of ZIF-8 and Pd/ZIF-8; II) 

hydrothermal treatment of ZIF-8@polymer and Pd&ZIF-8@polymer; III) carbonization in nitrogen 

atmosphere. (Blue, purple, yellow, green and grey colours refer to ZIF-8, polymer layer, metal 

nanoparticles, ZnO particles and carbon layer, respectively 
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Figure 1 TEM images of (a) ZIF-8, (b) ZIF-8@polymer before hydrothermal treatment, (c) TEM image, 

(d) STEM image and EDS mapping of ZP-100, (e) 3D representation of the ZP-100 reconstruction. 

(f)TEM image, STEM and EDS mapping (g) of ZnO@carbon. 
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Figure 2 TEM image (a), HAADF images (b) (c) of Pd/ZIF-8; TEM image (d) and elemental mapping 

images (e) of Pd&ZnO@polymer; TEM image (f) and elemental mapping images (g) of 

Pd&ZnO@carbon. 
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Figure 3 XRD patterns (a) (c) and N2 adsorption–desorption isotherm (b) (d) of ZnO@carbon and 

Pd&ZnO@carbon. 
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Figure 4 TEM images (a) (b), HAADF images(c), elemental mapping images (d) of Au&ZnO@carbon; 

TEM images (e), HAADF images (f) (g), elemental mapping images (h) of Pt&ZnO@carbon. 
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Figure 5 (a) Conversion and selectivity to phenylacetylene hydrogenation;(b) recycling tests for 

Pd&ZnO@carbon, Pd/ZnO and Pd/C particles. (Standard conditions: 30 °C; 60 min; 20 mg of catalyst; 

1 bar H2; 2.9 mmol of substrate; 25 mL of ethanol as solvent.) 

 

 

Figure 6 (a) XRD patterns of ZP-60, ZP-100, ZP-120, ZP-140; (b) HRTEM image of ZP-100 with its 

corresponding SAED pattern). 
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