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Hollow Zn/Co ZIF Particles Derived from Core–Shell ZIF-67@ZIF-8
as Selective Catalyst for the Semi-Hydrogenation of Acetylene
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Abstract: The rational design of metal–organic frameworks

(MOFs) with hollow features and tunable porosity at the

nanoscale can enhance their intrinsic properties and stimulates

increasing attentions. In this Communication, we demonstrate

that methanol can affect the coordination mode of ZIF-67 in

the presence of Co2+ and induces a mild phase transformation

under solvothermal conditions. By applying this transforma-

tion process to the ZIF-67@ZIF-8 core–shell structures, a well-

defined hollow Zn/Co ZIF rhombic dodecahedron can be

obtained. The manufacturing of hollow MOFs enables us to

prepare a noble metal@MOF yolk-shell composite with con-

trolled spatial distribution and morphology. The enhanced gas

storage and porous confinement that originate from the hollow

interior and coating of ZIF-8 confers this unique catalyst with

superior activity and selectivity toward the semi-hydrogenation

of acetylene.

To impart new functionalities and properties, enormous

efforts have been made to build metal-based composites such

as metal/metal and metal/metal oxide composites.[1] Recently,

the metal nanoparticles (NPs)@MOFs composite has shown

a lot of advantages as a new type of catalyst and thus became

a rising star.[2] For example, encapsulation of metal NPs within

MOFs can prevent agglomeration and effectively enhance the

thermodynamic stability.[3] Organic functional groups of

MOFs could serve as Lewis base or acid to implement the

metal sites in certain Lewis base-/acid-catalyzed processes.[4]

Moreover, the well-defined porous structure of MOFs can

confer the shape- or size-selectivity properties if the dimen-

sion of reactants and products were carefully modulated.[5]

However, when the catalytic process occurs inside the pores,

the diffusion control by reactants or products should be taken

into account. To this end, the hollow interior of MOFs would

facilitate the diffusion of substrates onto the internal metal

surface as well as the desorption of products.[6] To date, the

construction of hybrid metal@hollow MOFs, simultaneously

controlling their composition, morphology, and spatial dis-

tribution, are highly desired, but yet challenging.[7]

Zeolite imidazolate frameworks (ZIF) are promising and

widely used MOFs for heterogeneous catalysis due to their

uniform pore size, well-defined morphology, and excellent

chemical stability.[8] The strong coordination between metal

ions and imidazolate enables the use of ZIFs in commonly

used solvents and the structural integrity can survive even in

water which is usually problematic for MOFs. However, the

construction of a hollow interior in ZIFs, which will destroy

the stable coordination bond, is facing tremendous challenges.

Recent efforts in creating ZIF-based hollow or yolk-shell

structures used a template such as a polymer or oxides.[9]

However, the drastic process for template removal will

damage the uniform ordered porous structure and distort

the original rhombic dodecahedron morphology. As a conse-

quence, the as-prepared hollow ZIFs usually exhibit a poly-

crystalline nature and problems like channel plugging occur.

Herein, we present a spontaneous phase transformation of

ZIF-67 ([Co(MeIm)2]n) (MeIm=methylimidazole) from

a rhombododecahedron to a hollow architecture under mild

solvothermal conditions. Given that ZIF-67 and ZIF-8 ([Zn-

(MeIm)2]n) are isostructural,
[10] a well-defined core–shell ZIF-

67@ZIF-8 structure can be generated by epitaxial growth.

Further, utilizing the phase transformation of internal ZIF-67,

we were able to successfully prepare hollow rhombic dodec-

ahedral Zn/Co ZIF with a regular morphology and single-

crystal features. This sequential synthetic strategy empowered

the rational design of a multifunctional catalyst with

enhanced gas storage and molecular sieving properties.

Employing a cobalt ion as metallic node, 2-methylimida-

zole as organic linker, and methanol as solvent, the ZIF-67

rhombododecahedron with an average size of 300 nm was

synthesized as seeds (Figure 1a).[11] As shown by transmission

electron microscopy (TEM; Figure 1) and scanning electron

microscopy (SEM; Figure S1), the parent ZIF-67 would

readily evolve into a distinctive hollow nanocage (defined

as H-Co-ZIF) after 60 min of solvothermal treatment in

methanol. In the first 15 min, some nanoflakes emerged and

stacked on the outer surface of solid nanospheres, which was

accompanied by a size reduction of the inner core from

300 nm to 250 nm (Figure 1b). When the process was
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prolonged to 1 h, it was observed that all of the solid ZIF-67

had transformed to hollow nanocages which were constructed

of interlaced flakes (Figure 1c).

X-ray powder diffraction (XRD) was measured to verify

the composition and structural evolution (Figure 1d). At the

beginning, the peaks of starting seeds matched well with the

patterns of simulated ZIF-67. Whereas the characteristic

peaks of ZIF-67 (2¢q= 7.488) readily vanished, two broad

peaks ascribed to the gradually formed hollow nanocages

emerged at 10.488 and 20.888, respectively. Unfortunately, the

very simple XRD pattern of H-Co-ZIF prevents us to obtain

detailed structural information. To further gain insight into

the structure of H-Co-ZIF, we performed LC-MS/MS (liquid

chromatography tandem mass spectrometry) to get informa-

tion on the building blocks (Figure S2). According to the

fragment signals, it was proposed that methanol molecules

may be involved in the unit cell by forming H-bonds in the

presence of Co2+. This affects the coordination mode between

Co2+ and 2-methylimidazole, which would drive the structural

evolution from ZIF-67 to H-Co-ZIF. This exchange coincided

well with the results obtained by UV/Vis diffuse reflection

spectroscopy (Figure S3). The reduced bands at 584 nm and

540 nm, which are characteristic of Co2+ in tetrahedral

coordination,[12] indicated the evolution of the coordination

mode along with the phase transformation. Meanwhile,

a color variation from purple to yellow was also observed

for a series of samples collected during the evolution from

ZIF-67 to H-Co-ZIF.

More importantly, this spontaneous phase transformation

can be extended to build hollow ZIF structures. In detail,

a uniform ZIF-67@ZIF-8 core–shell structure (defined as C-

Zn/Co-ZIF) with a size of 350 nm was firstly generated by

sequential nucleation. Under the crystallization conditions,

the ZIF-8 favored heterogeneous nucleation in the presence

of ZIF-67 seeds due to their isostructural character with

similar unit cell and coordination mode. We found that the

heterogeneous nucleation still succeeded if the Zn2+ and Co2+

were introduced both at the beginning of the synthesis. In that

case, another solid Zn/Co ZIF (S-Zn/Co-ZIF) owning

a homogenous distribution for Zn and Co was obtained

(Figure S4). Both the TEM (Figure 2a) and SEM (Figure 2b)

images demonstrated that the core–shell structure has well-

defined rhombic dodecahedron shape and uniform size

(350 nm). The topological feature of the typical core–shell

structure was confirmed by the corresponding elementary

mapping and line scan (Figures 2c and S5). The distribution of

Co and Zn showed that the Co-containing ZIF-67 was located

at the interior of the rhombic dodecahedron and encapsulated

by the Zn-containing ZIF-8 shell. Then, by treating this core–

shell structure with Co2+ in methanol at 120 88C for 4 h, the

solid interior would readily vanish and form a hollow

structure stacked by interlaced nanoplates (Figure S6).

According to the SEM, TEM, and HAADF-STEM results,

this phase transformation would cause a size enlargement of

interior Co-ZIF and thus generate strain at the interface of

ZIF-67 core and ZIF-8 shell (Figures S7 and S8). Although

the coordination bond between Zn2+ and MeIm is stronger

than that of Co2+, this strain was enough to excavate the ZIF-8

shell from the inside out. The dissociated Zn2+ would diffuse

out through the channels and coordinate with the free linkers

in solution again. The freshly generated ZIF-8 would deposit

on the outside surface of rhombic dodecahedron in this

coordination equilibrium. As shown in Figure 2d, the ZIF-8

shell could preserve the initial morphology and symmetry and

hold the H-Co-ZIF adjacent to its internal surface, thus

forming a unique hollow yolk-shell structure (defined as H-

Zn/Co-ZIF). The SEM image (Figure 2e) also evidenced that

the integrity of the rhombic dodecahedron shape was not

destroyed by the diffusion of metal ions and MeIm through

the porous channels. Based on the disparate signals of Zn and

Co in elementary mapping (Figure 2 f), the core–shell-like

spatial distribution was confirmed. That is, the Co2+ is

concentrated in the core, whereas Zn2+ is mainly present in

the shell.

Figure 1. TEM images of a) ZIF-67 rhombododecahedron, b) inter-

mediate, and c) hollow Co-ZIF. d) XRD patterns of ZIF-67 and hollow

Co-ZIF. e) Illustration of the structural evolution of ZIF-67.

Figure 2. a) TEM image, b) SEM image, and c) EDS mappings of C-

Zn/Co-ZIF. d) TEM image, e) SEM image, and f) EDS mappings of H-

Zn/Co-ZIF. g) Illustration of the structural evolution.

..Angewandte
Communications

10890 www.angewandte.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 10889 –10893

http://www.angewandte.org


Our conclusion as to the phase of the ZIF-8 shell staying

unchanged during the formation of H-Zn/Co-ZIF was fully

corroborated by the XRD patterns (Figure 3a). The phase of

this hetero-ZIF retained the ideal sodalite crystal form, which

is mainly attributed to the robustness of the ZIF-8 shell.

Although the characteristic XRD peak (2¢q= 20.888) of H-

Co-ZIF was not observed in the XRD patterns due to the

hindrance by ZIF-8, the phase transformation of inner ZIF-67

was clearly observed by the measurement of TGA (thermo-

gravimetric analysis). The typical weight loss of H-Co-ZIF

was attributed to linker decomposition starting at about

230 88C, which differed with the decomposition of ZIF-8

(600 88C) and ZIF-67 (550 88C) in temperature (Figure S9).

This result provides an effective tool to identify the existence

of H-Co-ZIF in the hetero Zn/Co ZIFs. A series of samples

have been collected in a time-dependent synthesis for further

TGA measurements. As shown in Figure 3b, the hetero Zn/

Co ZIF obtained after only 2 h solvothermal treatment

showed an obvious peak at 230 88C, evidencing the initial

formation of the H-Co-ZIF phase.

Similarly, the exchange of coordination mode of interior

Co-containing ZIF during the structural transformation from

C-Zn/Co-ZIF to H-Zn/Co-ZIF was also reflected by UV/Vis

absorption spectra. The same tendency was observed for the

band assigned to the tetrahedral Co-MeIm structure[13] and an

analogous color evolution was recorded (Figures 3c and S10).

The atomic ratio of Zn and Co analyzed by ICP-AES

(inductively coupled plasma atomic emission spectrometry;

Figure 3d) showed that the concentration of Zn gradually

decreased, indicating the etching of the ZIF-8 shell at the

internal surface and the integration of isolated Co2+ with

internal ZIF-67. FTIR spectra of the as-synthesized ZIF-8,

ZIF-67, and H-Zn/Co-ZIF were measured to identify the

surface functional groups and observe the formation of

a coordination polymer (Figure S11). The band at 2929 cm¢1

attributed to the aliphatic C¢H stretch and the band at

584 cm¢1 assigned to the C=N stretch mode both showed that

2-methylimidazole is the dominating ligand in these ZIFs.

This demonstrated that the linker of 2-methylimidazole

remained unchanged during the phase transformation. More

importantly, the band at 421 cm¢1 originating from the Zn¢N

or Co¢N stretch demonstrated that Zn/Co hollow ZIF was

a kind of coordination polymer.[10] The elemental valence

states of as-prepared H-Zn/Co-ZIF were measured by X-ray

photoelectron spectroscopy (XPS). As shown in Figure S12,

the spectra of Zn 2p were in good agreement with its

oxidation state. The N 1s situated at 406.6 eV was assigned

to the MeIm linker. It is worth pointing out that the signal

corresponding to Co2+ was largely depressed due to the

encapsulation of H-Co-ZIF in the ZIF-8 shell. Unlike former

reports, which demonstrate that hollow ZIF-8 usually adopted

a polycrystalline state, in our case, the presented hollow ZIF-8

retained its crystal orientation, geometrical symmetry, and

pore-size distribution during this moderate colloidal method.

We further adopted this hollow H-Zn/Co-ZIF as nano-

molds for hosting Pd NPs to evaluate their catalytic perfor-

mance toward CO oxidation and semi-hydrogenation of

acetylene. To construct this metal NPs/MOF nanoreactor,

the presynthesized Pd nanoparticles with an average size of

10 nm (Figures S13 and S14) were first loaded on the surface

of the ZIF-67 rhombododecahedrons. Then, a sandwich-like

structure with Pd NPs situated between the ZIF-67 core and

the ZIF-8 shell was obtained by a follow-up encapsulation.

Along with the phase transformation of internal ZIF-67, the

Pd NPs were successfully placed and confined in the hollow

cavities of H-Zn/Co-ZIF. TEM images (Figure 4a) showed

that the Pd@H-Zn/Co-ZIF obtained after 4 h solvothermal

process were in the form of well-dispersed rhombic dodeca-

hedrons. The high-angle annular dark-field scanning TEM

(HAADF-STEM) in Figure 4b as well as the corresponding

elementary mapping in Figure 4c both indicated that this

composite was composed of hollow coordination polymer and

embedded Pd NPs. Compared with solid ZIF, the hollow

structure could mitigate the diffusion limitations and thus

enhance the catalytic efficiency due to the easier accessibility

of substrate to the metal surface. To reinforce our prediction,

another composite catalyst of Pd NPs@S-Zn/Co-ZIF was

prepared through a coprecipitation process (see details in the

Supporting Information, SI). Consistent with the TEM

observations (Figure 4d), the corresponding mappings

reflected the full encapsulation of the Pd NPs within solid

ZIF, in which both Zn and Co are distributed homogeneously

(Figure 4d and f). The surface area and pore-size distribution

of H-Zn/Co-ZIF and S-Zn/Co-ZIF was analyzed by Bruna-

uer–Emmett–Teller (BET) measurements (Figure S15).

Derived from the N2 adsorption isotherms, the H-Zn/Co-

ZIF showed a typical BET surface of 1027 m2g¢1, which was

consistent with that of previously reported ZIF-8.[14] Com-

pared with the as-prepared S-Zn/Co-ZIF, the ZIF-8 shell of

H-Zn/Co-ZIF with single-crystalline and uniform morphol-

ogy retained its cavity size and apertures after the phase

transformation.

It is worth pointing out two structural superiorities of H-

Zn/Co-ZIF in heterogeneous catalysis. On one hand, the

hollow interior may enhance gas storage and accelerate

desorption of the product. Figure S16 shows the catalytic

Figure 3. a) XRD, b) TGA, c) UV/Vis diffuse reflection spectrum, and

d) ICP-AES measurements tracing the formation of H-Zn/Co-ZIF with

different solvothermal reaction time.
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behavior of Pd@H-Zn/Co-ZIF and Pd@S-Zn/Co-ZIF in CO

oxidation reaction. The plot of CO conversion as a function of

reaction temperature showed that the hollow structure

catalyzed the complete conversion of CO at a lower temper-

ature compared with the solid structure. It is to say that CO

storage was largely enhanced by the hollow interior. On the

other hand, the porous confinement introduced by encapsu-

lating ZIF may be a new method of molecular sieving. The

catalytic semi-hydrogenation of acetylene, which is usually

catalyzed by Pd-based catalysts, is a predominant reaction for

manufacturing polyethylene in industry. The decisive goal of

the hydrogenation process is to avoid overreduction of

ethylene to ethane.[15] This selective hydrogenation of a mix-

ture containing 0.5 vol% C2H2, 5 vol%H2, and 50 vol%C2H4

in helium was carried out to probe the catalytic behavior of

Pd@H-Zn/Co-ZIF, Pd@S-Zn/Co-ZIF, and Pd nanocubes

supported on active carbon. Assuming that ethylene is the

only product, the selectivity for hydrogenation of acetylene

can be well defined and calculated[16] (see details in SI).

Figure 4g shows the conversion of acetylene as a function of

temperature ranging from 30 88C to 130 88C. In the case of bare

Pd NPs/C, high conversion (> 90%) of acetylene but low

ethylene selectivity (< 30%) was achieved at any given

temperature. This could be ascribed to the unselective

absorption of acetylene and ethylene on the highly exposed

Pd surface, resulting in the easy formation of the ethane by-

product. In comparison, for Pd NPs embedded in ZIF,

a significant enhancement of ethylene selectivity was

observed at 50 88C, although accompanied by a lower con-

version. We therefore speculated that the smaller acetylene

was more prone to diffuse to the internal Pd NPs than

ethylene and thereby facilitates the selective hydrogenation.

Further, the Pd@H-Zn/Co-ZIF showed improved activity

(> 80% conversion of acetylene) and ethylene selectivity

(still > 80%) relative to Pd@S-Zn/Co-ZIF. The hollow

interior of H-Zn/Co-ZIF may enable the increased inward

diffusion rate of acetylene and the preferential desorption of

ethylene from the Pd surface, which would be a benefit for the

efficient and selective semi-hydrogenation of acetylene.

Moreover, this composite exhibited excellent catalytic stabil-

ity during a 10 h on-stream reaction experiments. That is, no

obvious decay in conversion of acetylene and ethylene

selectivity was observed (Figure S17).

In conclusion, we have demonstrated an effective strategy

to construct hollow ZIF-8 structures under mild wet con-

ditions. This strategy is based on the spontaneous phase

transformation of ZIF-67 under solvothermal conditions and

enables the encapsulation of Pd NPs within the cavities of

ZIF-8. The as-prepared Pd@H-Zn/Co-ZIF nanoreactor

encompasses the advantages in remitting the diffusion

limitation and porous confinement toward some important

reactions, which is characterized by the hollow features of

ZIF. Our findings may present novel design criteria for

advancedmetal NPs/MOF nanoscale composites with tunable

structure and improved functionalities.
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