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Abstract: The selective hydrogenation of Ar-C=C in the presence of Ar-NO2 is a long-

standing challenge because of the uncontrolled non-selective nature of hydrogenation. 

In this study, core-shell nanocatalyst ZIF-8@Pd@MOF-74 is developed for the 

preferential reduction of the Ar-C=C group. The ZIF-8 core can act as an effective 

support for Pd nanoparticles (NPs), and MOF-74 shell can prevent Pd NPs from 

leaching and oxidation. Compared with Pd/C and ZIF-8@Pd catalysts, our ZIF-

8@Pd@MOF-74 nanocatalyst shows enhanced activity and selectivity for conversion 

of nitrostyrene to 1-ethyl-4-nitrobenzene (>98% yield) without the use of pressured 

hydrogen, and the turnover frequencies (TOF) can reach 330 h-1. Theoretical and 

experimental results reveal that the high chemo-selectivity is attributed to the 

preferential adsorption and activation of the Ar-C=C on the MOF-74 shell. Given its 

outstanding catalytic performance under mild conditions and facile preparation 

protocol, it would be of considerable interest to develop other MOFs@MNPs@MOFs 

core-shell nanocatalysts. 
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Introduction 

Chemo-selective hydrogenation of unsaturated compounds is in widespread demand 

for dyes, pharmaceuticals and fine chemicals 1-5. Efficient and highly selective 

reduction of C=C double bonds in the existence of other easily reducible group is 

necessary, especially for multi-step organic synthesis 1, 6. Given that both C=C bonds 

and nitro groups, especially aromatic nitro groups, can be easily subjected to activation 

by common hydrogenation metal catalysts 7, 8, therein lies a long-standing challenge to 

promote a preferential reduction of a vinyl group (Ar-C=C) over an aryl nitro group 

(Ar-NO2) in nitrostyrene due to the uncontrolled non-selective nature of hydrogenation 

under well-established conditions 6, 9, 10.  

Pd NPs immobilized on microporous polymers, carbon, silica or zeolites have been 

regarded as efficient heterogeneous catalysts for various types of reduction reactions 11-

15. For material-supported noble-metal catalysts, the catalytic activity and selectivity 

are in extreme dependence on structures of the support because specific interactions 

take place at the interface between the active (metal) phase and the support 16, 17. MOFs 

are an ideal support owing to their outstanding structures, high porosity and large 

specific surface area 18-20. Encapsulation of metal NPs within MOFs has gained much 

attention because it not only can decrease the aggregation of metal NPs but also can 

provide multiple functional groups to work cooperatively with the encapsulated metal 

NPs, hence giving rise to higher catalytic performance 20-22. Although loading Pd NPs 

on MOF is potentially useful to improve the catalytic properties, there are still several 

problems, such as Pd leaching and oxidation, poor dispersion, and low catalytic 

selectivity 23, 24. So, there is a clear need to further optimize the synthetic strategy to 

address these problems. 

More recently, the encapsulation of metal nanoparticles (MNPs) into a core-shell 

structure appears be effective in improving the stability and recyclability of catalyst 25-

28. In particularly, MOFs@MNPs@MOFs by sandwiching MNPs between two MOFs 

demonstrates great potential in enhancing catalytic reactivity and selectivity for 



selective hydrogenation reaction 29-34. The MOF core could act as a support, inhibiting 

the aggregation of metal nanoparticles. The flexible nanopores of MOFs shell can 

transport reactants to the active metal surface and enhance the catalyst durability. In 

addition, with functional groups on linkers and coordinative unsaturated metal sites 

(CUSs), MOF shell can serve as synergistic catalyst with metal NPs. However, only a 

few works have been reported yet on the use of MOFs@MNPs@MOFs for chemo-

selective hydrogenation reaction. Tang and co-workers fabricated MIL-101@Pt@MIL-

101 nanostructures and MIL-101@Pt@FeP-CMP catalysts for the chemo-selectivity 

hydrogenation of α, β-unsaturated aldehydes with significantly improved selectivity 

towards α, β-unsaturated alcohols 29. Li and co-workers developed a Pt/MOFs@MOFs 

catalyst, which also used for the chemo-selectivity hydrogenation of C=O group over 

C=C bond in α, β-unsaturated aldehydes 30. In 2020, Tang and co-workers reported that 

the UiO-67@Pd@UiO-67 (50 nm) was an efficient catalyst for the selective 

semihydrogenation of multiple alkynes 32.  

Even though it was proved that sandwich structure can effectively improve the 

selectivity and recyclability for heterogeneous reactions, to the best of our knowledge, 

MOFs@MNPs@MOFs has not been used for chemo-selectivity hydrogenation of 

nitrostyrene. In addition, most of the MOFs@MNPs@MOFs catalysts reported in the 

literatures are prepared by epitaxial growth methods, and more facile fabrication 

methods are expected to be developed. Moreover, the unknown interactions between 

the MOFs framework and the MNPs also remain to be determined. The exploration of 

unique structure-selectivity relationship of MOFs@MNPs@MOFs nanocatalysts will 

provide design information for preparing more highly selective catalysts. Importantly, 

most hydrogenation reactions with hydrogen as reducing agent always suffer from 

problems of using organic solvents 8, 30, high temperature 2, 6 and high pressure 1, 6, 29, 31, 

32. From an environmental and sustainable viewpoint, water as a cheap, non-flammable 

and safe solvent can potentially provide an environmentally friendly and economical 

strategy for synthetic chemistry 1. Therefore, it is highly desired to develop an efficient 

MOFs@MNPs@MOFs nanocatalyst for the chemo-selective hydrogenation of C=C 

bond in nitrostyrene under mild condition with water as a green solvent. 



Herein, in this work, a new sandwich-structured ZIF-8@Pd@MOF-74 core-shell 

nanocatalyst has been designed and prepared by a simple ligand exchange method. The 

MOF-74 shell grown on the outer surface of the Pd/ZIF-8 core has four main functions: 

First, as a safe barrier to protect the Pd NPs from leaching and oxidation. Second, it can 

improve the dispersion of Pd NPs and allow maximum proportion of Pd NPs close to 

the MOFs surface. Third, it has a larger pore size than ZIF-8, which facilitates the entry 

and diffusion of substrate molecules to effectively contact with Pd NPs. Fourth, a proper 

combination of two kind of porous filter, ZIF-8 core and MOF-74 shell, gives a special 

microenvironment for Pd NPs, and thus, higher catalytic selectivity is expected. Our 

findings showed that the ZIF-8@Pd@MOF-74 nanocatalyst, when employed in the 

liquid-phase hydrogenation reactions, exhibited not only improved durability and 

recyclability, but also sought-after chemo-selectivity with water as green solvent under 

very mild conditions. 

Experimental  

Synthetic procedures 

ZIF-8 

ZIF-8 was synthesized according to the reported approach 35 with modifications. 

Briefly, 2.97 g (10 mmol) Zn(NO2)3·6H2O and 1.64 g 2-methylimidazole (20 mmol) 

were respectively dissolved in 200 mL methanol solution. After that, the 2-

methylimidazole solution was dropped into the Zn(II) solution for 0.5 h with the 

magnetic stirring at room temperature, aging for 24 hrs to obtain a white solid. 

Resulting crystal was obtained by centrifugation, washed several times with methanol, 

and finally vacuum-dried overnight. 

ZIF-8@Pd 

0.5 g of ZIF-8 was dispersed in 100 mL of DCM to obtain a uniform dispersion 

solution. Then 50 mg of palladium(II) acetate which dissolved in 5 mL of DCM was 

added into the above solution at room temperature, and stirring overnight to obtain an 

ivory-white solid labelled as ZIF-8@Pd+. After centrifugation, washing, and dried 



overnight, the ZIF-8@Pd+ was dispersed in 100 mL of Milli-Q water. Subsequently, 10 

mL of NaBH4 aqueous solution was slowly added into mixture along with the magnetic 

stirring to obtain a brown solid. After stirring for 30 min at room temperature, the solid 

was collected through centrifugation, washed with Milli-Q water and methanol several 

times respectively, and dried at 60 oC overnight to collect the final product (ZIF-8@Pd). 

ZIF-8@Pd@MOF-74 

The core-shell MOFs were synthesized according to the following process. 0.3 g ZIF-

8@Pd was dispersed into 150 mL of methanol, then a methanol solution dissolved of 

0.1 g 2,5-dihydroxyterephthalic acid (H4dhtp) [m(ZIF-8@Pd): m(H4dhtp)=3:1] was 

added. The mixture solution was stirred for 20 mins at room temperature to coating the 

ZIF-8@Pd core with a layer of MOF-74 shell. After that, the product was obtained after 

centrifugation, washed three times with methanol (50 mL), and then dried overnight. 

The final product was ZIF-8@Pd@MOF-74. 

Catalytic activity  

Performance assessment for hydrogenation reaction over ZIF-8@Pd@MOF-74: In 

general, catalysts containing the same amount of Pd NPs (0.3 mol%) were placed in a 

two-necked round-bottomed flask (25 mL), and then a balloon filled with H2 was 

connected to the reaction flask. The flask was purged with H2 for three times to allow 

pure H2 atmosphere for the reaction. Subsequently, substrate (0.5 mmol) and solvents 

(2 mL) were injected into the flask. The catalytic hydrogenation was carried out under 

room temperature with a mechanical stirring. After reactions, the mixture was extracted 

with ethyl acetate and then the solid catalyst was obtained after centrifugation for 

recycle tests. The filtrate mixture was analyzed by GC–MS. 

Computational methods 

Density functional theory (DFT) calculations were conducted by Vienna Ab initio 

Simulation Package 36, 37 using GGA-PBE functional 38, 39. The van der Waals 

interaction was considered by DFT-D3 method 40, 41. The energy and force convergence 

criteria were set to be 1 × 10-5 eV and 0.03 eV/Å, respectively. The models for ZIF-8 



and MOF were built separately due to the structure complexity. Since periodic structure 

of ZIF-8 includes more than 250 atoms, some N atoms which coordinated around Zn 

metals were saturated by methyl group to destroy its periodicity. Then the ZIF-8 model 

was built containing 180 atoms in one 30 Å × 30 Å × 30 Å unit cell. For reactant 

adsorptions, reactants were placed vertically to the plane of ZIF-8 central pore. MOF 

structure was modelled by a periodic structure with 162 atoms in a 26.18 Å × 26.17 Å 

× 6.90 Å triclinic unit cell. In MOF, reactants were parallel to the MOF plane close to 

Zn3 cluster within the central pore. A (4 × 4) supercell Pd (111) slab with four layers 

was employed with a 5 × 5 × 1 k-point mesh for geometry optimizations. Three 

adsorption configurations of the reactant on Pd (111) were tested and the most stable 

structure was selected. The adsorption energies of adsorbates (𝛥𝐸𝑎𝑑𝑠) was calculated 

as, 

𝛥𝐸𝑎𝑑𝑠 = 𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸𝑠𝑙𝑎𝑏 − 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 

where 𝐸𝑡𝑜𝑡𝑎𝑙, 𝐸𝑠𝑙𝑎𝑏, and 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 represent the energies of slab with an adsorbed 

molecule, slab without any adsorbates, and an adsorbate, respectively. 

Results and discussion 

Characteristics and structure of ZIF-8@Pd@MOF-74 

The schematic representation of the formation of core-shell ZIF-8@Pd@MOF-74 

nanocrystal using H4dhtp as a competitive coordination reagent was illustrated in 

Scheme 1. A zeolitic imidazolate framework, ZIF-8, was prepared following the 

procedures described previously with slight modifications 33. Then, white ZIF-8 was 

dispersed in DCM solution containing Pd(CH3COO)2, and the resulting mixture was 

kept at room temperature for 12 hrs with mechanical perturbation. Pd(II) occupied the 

pores of ZIF-8 to formed the Pd(II)-loaded MOF and labeled as ZIF-8@Pd(II). After 

reduction by NaBH4, ZIF-8@Pd (0) was obtained 17, 42, and ZIF-8@Pd@MOF-74 core-

shell nanocatalyst was finally synthesized via ligand exchange method. The pore size 

of ZIF-8 is about 3.4 Å 43, and the smaller pore diameter can enhance the dispersion of 

Pd NPs effectively and decrease the particle size. The Zn-MOF-74 shell has a pore 

diameter approximately 10.3 Å 44, which facilitate the diffusion of the substrate and 



prevent the leaching and oxidization of Pd NPs. 

 

Scheme 1. Schematic synthetic process for ZIF-8@Pd@MOF-74 nanocatalyst. 

The core-shell morphology was unequivocally confirmed by TEM (Fig. 1 and Fig. 

S1) and SEM (Fig. S2). As shown in Fig. 1a-d and Fig. S1-2, the obtained MOF was 

composed of dispersed crystals and uniformly sized of rhombic dodecahedral shape. 

The outer shell of the crystal displayed a fine raise in brightness compared with the dark 

inner core, which proved the core-shell structure of ZIF-8@Pd@MOF-74 (Fig. 1a). 

HRTEM images (Fig. S3) and Pd NPs size distribution histogram (Fig. S4) indicated 

that the well-dispersed Pd NPs was loaded into the ZIF-8@Pd and ZIF-8@Pd@MOF-

74 with sizes range from 2.29 to 2.35 nm. Fig. 1c showed that most of the Pd NPs 

mainly dispersed on the surface of ZIF-8@Pd with a thickness about 20 nm. While, 

formation a nano-shell with a thickness of approximately 70-100 nm made Pd particles 

uniformly cover all over the surface of the MOF-74 shell (Fig. 1d), which may enhance 

active sites dispersion on the surface of core-shell catalyst. The Pd NPs was confirmed 

by the HRTEM image (Fig. 1e, Fig. S5), where the measured lattice spacing was 0.23 

nm, corresponding to (111) facet of the face-centered cubic (FCC) Pd 45, 46, and is 

consistent with the reported value of Pd(0) 47. The EDS mapping images (Fig. 1f and 

Fig. S6) indicated that the ZIF-8@Pd and ZIF-8@Pd@MOF-74 both contain well 

dispersed Pd NPs in the pore of as-prepared MOF structures. Moreover, the Pd NPs 

were preferentially dispersed on the shell surface of the MOF shown in Fig. 1g-h, 



indicating that more Pd active sites were exposed on the surface of the core-shell ZIF-

8@Pd@MOF-74 than that of ZIF-8@Pd.  

 

Fig. 1. (a-b) TEM images of ZIF-8@Pd@MOF-74; (c-d) Distribution of Pd NPs on the 

surface of ZIF-8@Pd (c) and ZIF-8@Pd@MOF-74 (d); (e) HRTEM images of ZIF-

8@Pd@MOF-74; (f) TEM image and EDS elemental mapping images of a ZIF-

8@Pd@MOF-74; (g-h) Overlay mapping images of ZIF-8@Pd (g) and ZIF-

8@Pd@MOF-74 (h). 

 The agreement of the XRD patterns between the as-prepared crystal and the simulated 

ZIF-8 and MOF-74 further demonstrated the formation of ZIF-8@Pd@MOF-74 

structure and the well-maintained frameworks of ZIF-8 during the Pd loading and 

reducing processes (Fig. 2a). For ZIF-8@Pd@MOF-74, the peaks around 6.9° and 11.8° 

can be assigned to (110) and (300) crystal planes of MOF-74 18,19, indicating the 

formation of the MOF-74 shell. In addition, ZIF-8@Pd@MOF-74 has characteristic IR 

absorbance peaks of ZIF-8, and there are several additional peaks in range of 700-1800 

cm-1 contributed to the MOF-74 (Fig. 2b) 48, which further proved the formation of 

MOF-74 shell. No characteristic peaks for Pd NPs were observed most probably due to 

the low loading in the MOFs. The existence of Pd(0) and the chemical state of as-

prepared material were also confirmed by the XPS analyses. 



 

Fig. 2. (a) PXRD patterns and (b) FTIR spectra of ZIF-8, Zn-MOF-74, ZIF-8@Pd and 

ZIF-8@Pd@MOF-74. 

Fig. 3a showed the XPS survey spectrum of the three kinds of MOF structures, and 

the emergence of the new peak at 300-400 eV confirmed the successful loading of Pd 

NPs in the ZIF-8@Pd and ZIF-8@Pd@MOF-74. The Pd 3d region of ZIF-

8@Pd@MOF-74 (Fig. 3b) displayed two main peaks at 335.7 and 340.9 eV as well as 

two small peaks at 338.1 and 343.2 eV, which could be attributed to Pd 3d5/2 and Pd 

3d3/2 of Pd(0) and Pd(II), respectively 49-51. The appearance of the Pd(II) peak might be 

caused by the surface oxidation of Pd(0) NPs 49, 50. The Pd 3d spectrum of ZIF-8@Pd 

showed that the surface of Pd NPs mainly existed in the divalent state, indicating that 

the Pd(0) on the core-shell ZIF-8@Pd@MOF-74 surface was less easily oxidized than 

that of ZIF-8@Pd due to the presence of the MOF-74 shell. Meanwhile, N 1s and O 1s 

images showed in Fig. S7 demonstrated the oxygen increase significantly with the 

decrease in nitrogen for the ZIF-8@Pd@MOF-74 nanocrystal, confirming the ligand 



exchange of 2-MI and H4dhtp.  

 

Fig. 3. (a) The XPS survey spectrum of the ZIF-8, ZIF-8@Pd and ZIF-8@Pd@MOF-

74; (b) the XPS Pd 3d spectrum of ZIF-8@Pd and ZIF-8@Pd@MOF-74; (c) N2 

adsorption/desorption isotherms and (d) TGA images of the ZIF-8, ZIF-8@Pd and ZIF-

8@Pd@MOF-74. 

The Brunauer-Emmett-Teller (BET) specific surface area and porosity of the MOFs 

were characterized with N2 adsorption-desorption isotherms (Fig. 3c and Fig. S8). ZIF-

8, ZIF-8@Pd and ZIF-8@Pd@MOF-74 all showed fully reversible type I N2 sorption 

isotherms at a relative pressure from 0.1 to 1.0 (Fig. 3c) 52, 53. The BET surface area of 

ZIF-8@Pd@MOF-74 was calculated to be 727 m2·g−1, which was lower than that of 

ZIF-8 (1744 m2·g−1) (Table S1), and a decrease in specific surface area associated with 

the loading of Pd NPs, indicating that the Pd NPs were loaded inside the pores of MOFs. 

Table S1 showed that Zn-MOF-74@Pd has a larger pore size, implying that the surface 

coating MOF-74 contributes to improve the specific surface area and pore size of ZIF-

8@Pd@MOF-74 compared to ZIF-8@Pd. The elemental composition of the materials 

was confirmed by ICP-OES (Table S2) and EDS (Fig. 3c and Fig. S9). It can be 

observed that the Pd loading was 4.6 wt% and 4.2 wt% respectively for ZIF-8@Pd and 



ZIF-8@Pd@MOF-74 from table S2. The contents of Zn and Pd in the core-shell MOF 

decreased due to the addition of H4dhtp ligand, which also be proved by EDS (Fig. S9) 

and TGA (Fig. 3d) results. However, the Pd loading in Zn-MOF-74 was only 0.7 wt % 

due to the lower BET capacity, confirming the advantages of preparation the core-shell 

MOFs with different pore diameters.  

Chemo-selective hydrogenation reactions  

The catalytic performance of as-prepared ZIF-8@Pd@MOF-74 nanocatalyst was 

investigated for chemo-selective hydrogenation of Ar-C=C to Ar-C-C in the presence 

of Ar-NO2. 4-nitrostyrene (NS, 1a) was chosen as a model molecule to investigate the 

chemo-selectivity of different catalysts. The ZIF-8, Zn-MOF-74 and ZIF-8@Pd(Ⅱ) 

were almost inactive (entry 2-4), which confirmed that Pd(0) is necessary for the 

hydrogenation of nitrostyrene. It indicates from table 1 that all Pd-loaded catalysts 

showed high conversion and selectivity to the reduction of unsaturated C=C bonds in 

hydrogenation of 4-nitrostyrene. Particularly, ZIF-8@Pd@MOF-74 exhibited an 

outstanding chemo-selectivity (>98% yield, entry 7) to 1-ethyl-4-nitrobenzene (1b) at 

almost 100% conversion of NS at 298 K within 1 h with a H2 balloon. Although the 

conversion of Pd/C was almost the same as that of ZIF-8@Pd@MOF-74, the selectivity 

of Pd/C was not good (84%) (entry 1). The selectivity of ZIF-8@Pd@MOF-74 catalyst 

was also superior to ZIF-8@Pd (entry 6) and Zn-MOF-74@Pd (entry 5, structure 

confirmed by XRD Fig. S10), and no 4-vinylaniline (1c) was detected. In addition, it 

was found that the reaction time had a greater influence on the selectivity of Pd/C and 

ZIF-8@Pd (Fig. S11). A mixture of two reduction products (4-ethylaniline, and 1-ethyl-

4-nitrobenzene) was afforded in a higher conversion with a prolonged reaction time. 

The chemo-selective hydrogenation with ZIF-8@Pd@MOF-74 nanocatalysts under 

different solvents were compared (Table 1, entries 8-12). The core-shell catalyst 

displayed higher selectivity to the hydrogenation of unsaturated C=C bonds than the 

aromatic nitro group under all six solvents. When the solvent polarity increases, the 

conversion becomes higher. The protic solvents are more conducive to the improvement 

of reaction efficiency because of water is easily forms hydrogen bonds with the nitro 



group in nitrostyrene at the interface 54. The nitro group protruded outwards to improve 

their water solubility, while the C=C bond closer to the active Pd catalytic center of 

ZIF-8@Pd@MOF-74 to facilitate its preferential hydrogenation. Compared with the 

Pd-supported catalyst for chemo-selectivity hydrogenation of nitrostyrene reported in 

the literature (Table S3), the ZIF-8@Pd@MOF-74 catalyst exhibited higher conversion 

(TOF is 330 h-1) and excellent selectivity to Ar-C=C bond under milder conditions, such 

as room temperature, one atmosphere and water as the solvent. 

The hydrogenation of 3-nitrostyrene and other nitroarenes that contain Ar-NO2 and 

Ar-C=O under the same conditions was tested to further evaluate whether coating 

MOF-74 on ZIF-8@Pd can improve its catalytic performance. As can be seen from 

Table 1, ZIF-8@Pd@MOF-74 showed good selectivity compared with ZIF-8@Pd and 

Pd/C, catalyzing the hydrogenation of 3-nitrostyrene directly to 1-Ethyl-3-nitrobenzene 

(>98% yield within 1.5 h) (entries 13-15). When Ar-NO2 coexists with Ar-C=O, ZIF-

8@Pd@MOF-74 catalyst exhibited outstanding chemo-selective hydrogenation of Ar-

NO2 to Ar-NH2 than ZIF-8@Pd for 4-Nitrobenzaldehyde (entries 16-17), 4-

Nitroacetophenone (entries 18-19) and 2-Bromo-4'-nitroacetophenone can also afford 

the desired aromatic amine (entries 20-21). The selective hydrogenation of the nitro 

group in the coexistence with the carbonyl may be the preferential adsorption and 

activation of nitro groups by MOF. It was noteworthy that the conversion on ZIF-8 was 

lower than that of core-shell MOFs. A possible reason was the imidazole fragment may 

shield some channels to hinder substrate molecules passing through 55. Another reason 

was that the Pd on the surface of ZIF-8@Pd easily oxidized, which would limit the 

catalytic efficacy mainly occurring on its external surface. 

Table 1. The catalytic performance of Pd-supported catalysts for chemoselective 

hydrogenation of nitroarenes. 
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Entry Catalysts Time (h) Solvents 

 

Conversion (%) Yield (%)  

b/B c/C d/D 

Substrate: 4-Nitrostyrene 

1 Pd/C 1 H2O 99 83 - 16  

2 ZIF-8 1 H2O Trace - - -  

3 Zn-MOF-74 1 H2O Trace - - -  

4 ZIF-8@Pd(Ⅱ) 1 H2O Trace - - -  

5 Zn-MOF-74@Pd 1 H2O 86 86 - -  

6 ZIF-8@Pd 1 H2O 91 84 - 7  

7 ZIF-8@Pd@ MOF-74 1 H2O 99 98 - 1  

8 ZIF-8@Pd@ MOF-74 1 MeOH 100 99 - 1  

9 ZIF-8@Pd@ MOF-74 1 EtOH 100 99 - 1  

10 ZIF-8@Pd@ MOF-74 1 EA 99 98 - 1  

11 ZIF-8@Pd@ MOF-74 1 DCM 95 94 - 1  

12 ZIF-8@Pd@ MOF-74 1 PE 89 88 - 1  

Substrate: 3-Nitrostyrene 

13 Pd/C 1.5 H2O 99 88 - 11  

14 ZIF-8@Pd 1.5 H2O 93 87 - 6  

15 ZIF-8@Pd@ MOF-74 1.5 H2O 99 98 - 1  

Substrate: 4-Nitrobenzaldehyde 

16 ZIF-8@Pd 5 H2O 95 95 - -  

17 ZIF-8@Pd@ MOF-74 5 H2O 99 99 - -  

Substrate: 4-Nitroacetophenone  

18 ZIF-8@Pd 2 H2O 94 94 - -  

19 ZIF-8@Pd@ MOF-74 2 H2O 99 99 - -  

Substrate: 2-Bromo-4'-nitroacetophenone 

20 ZIF-8@Pd 1.5 H2O 95 95 - -  

21 ZIF-8@Pd@ MOF-74 1.5 H2O 99 99 - -  

Reaction conditions: Substrates (0.5 mmol), Pd cat. (Pd 0.3 mol %), Solvent (2 mL), H2 (Hydrogen 

balloon), Room temperature. Yields were determined by GC-MS. 

DFT calculation and mechanism analysis 

To explain the higher selectivity of the core-shell ZIF-8@Pd@MOF-74, one can 

assume that the intrinsic rate for the hydrogenation of the C=C double bond on the 

catalyst is responsible for the high chemoselectivity observed. To check this hypothesis, 

DFT calculations were conducted to study MOF and ZIF contributions to the catalytic 



activity and selectivity. Since the catalytic reactions mainly occurred on the outer 

surface of catalysts, reaction energies were calculated on the shells (Zn-MOF-74 in ZIF-

8@Pd@MOF-74, and ZIF-8 in ZIF-8@Pd). The calculated reaction energy for the 

hydrogenation reaction from 1a to 1b on Zn-MOF-74 was -1.57 eV, which was much 

lower than that in the reaction from 1a to 1c (0.31 eV), indicating that 1b was 

energetically favored compared to 1c (Fig. S12). In the case of ZIF-8 as shown in Fig. 

S13, the calculated reaction energies for 1b and 1c as reaction products were -1.60 eV 

and 0.14 eV, respectively, which showed a smaller difference in the selectivity of 1b 

over 1c. These results indicated that the hydrogenation of C=C bond was 

thermodynamically favored compared to the nitro group. 

A second assumption is that there might be a synergistic effect between Pd and MOFs, 

where H2 dissociates on Pd and nitrostyrene (NS) is preferentially adsorbed on the MOF 

support through the C=C double bonds 29. Therefore, to illustrate the high selectivity of 

ZIF-8@Pd@MOF-74, the adsorption orientations for NS on Zn-MOF-74 and ZIF-8 

were considered 16, 56 and shown in Fig. 4. According to calculation results, the 

adsorption energy of NS (-0.85 eV) on Zn-MOF-74 with the vinyl-oriented Zn cluster 

(denoted as VOZM, Fig. 4a) was stronger than that on ZIF-8 (-0.55 eV, denoted as 

VOZF shown in Fig. 4b and Fig. S14), which demonstrated that Zn-MOF-74 has higher 

selectivity to activate the vinyl group. One possible reason is that four-coordinated Zn 

atoms are fully connected with N atoms in ZIF-8 55, preventing NS from approaching 

to zinc atom. But the infinite helical rods of Zn3[O3(CO2)3] including coordinatively 

unsaturated metal sites (CUSs) in Zn-MOF-74 could create open sites without repulsive 

force of ligands 55, which can facilitate the reaction with NS by the electron transfer. 

Previous study demonstrated that, CUSs inside MOFs could act as Lewis acid sites, 

activating targeted chemical bonds and lowering the reaction energy barrier of the 

desired chemical transformation, which also support our results 29. Therefore, CUSs in 

Zn-MOF-74 play an important role in selectively facilitating hydrogenating of C=C 

bond. 



 

Fig. 4. (a) The binding energies for vinyl-oriented Zn cluster in MOF-74 (VOZM); (b) 

The binding energies for vinyl-oriented Zn cluster in ZIF-8 (VOZF). 

This conclusion was further supported by XPS results. As shown in Fig. 5, 

there was a positive shift in the binding energy of Zn 2p spectra from 1021.5 to 

1021.8 eV and 1044.6 to 1044.9 eV after the formation of core-shell MOF by 

ligand exchange (Fig. 5a). This shift indicated a decrease in electron density 

around Zn atoms due to the high negative charge residing on the compact dtp4- 

ligand 57, 58. CUSs atom with a positive charge prefers to approach C=C bond 

with π electrons, and in turn improved the adsorption of vinyl group in NS 57. 

Also, the binding energy of Pd 3d was shift to higher value (Fig. 5b), which 

indicated that the surrounding environment has a strong influence on the 

electronic states of the enclosed palladium clusters, and the decrease in electron 

density around Zn atoms makes a partial transfer of electrons from the Pd 

nanoparticles to ZIF-8@Pd@MOF-74 29. The reduced electron density of Pd 

nanoparticles may affect the hydrogenation activity. As a consequence, the 

catalytic selectivity is determined by constituents of core and shell, and the CUSs 

atom with a positive charge in the MOF-74 can preferentially adsorb the C=C 

double bond and activate it.   



 

Fig. 5. (a) XPS Zn 2p spectrum of ZIF-8, ZIF-8@Pd and ZIF-8@Pd@MOF-74; (b) 

XPS Pd 3d spectrum of ZIF-8@Pd and ZIF-8@Pd@MOF-74. 

The catalytic selectivity of Pd nanoparticles was also investigated by DFT 

calculations. Three adsorption configurations for NS on Pd (111) surface are shown in 

Fig. 6. The adsorption energies for vinyl group contacting with Pd (Fig. 6a), nitryl group 

contacting with Pd (Fig. 6b), and parallel adsorption (Fig. 6c) were -0.001 eV, -0.323 

eV, and -1.346 eV, respectively. Thus, the parallel adsorption structure with the largest 

binding energy was selected for further investigation. Based on our results (Fig. 7), the 

reaction energy from 1a to 1b on Pd (111) was -0.85 eV (Fig. 7a), while the reaction 

energy from 1a to 1c on Pd (111) was -0.046 eV (Fig. 7b), illustrating that reaction from 

1a to 1b is more favorable on Pd (111). This conclusion is also consistent with the 

experimental observation that the CUSs in Zn-MOF-74 preferentially interacted with 

the C=C group (rather than the NO2 group) of NS. Based on the DFT calculations, one 



can conclude that the high chemo-selectivity obtained with ZIF-8@Pd@MOF-74 not 

only is due to a higher intrinsic activity for hydrogenating the C=C bond with respect 

to the nitro group, but also is a consequence of the preferential adsorption and activation 

of the C=C bond on the MOF-74 shell. 

 

Fig. 6. Three adsorption configurations for nitrostyrene (NS) on Pd (111) surface: (a) 

vinyl group contacting with Pd (111); (b) nitryl group contacting with Pd (111); (c) 

parallel adsorption. 



 

Fig. 7. (a) Reaction process from 1a to 1b on Pd (111); (b) reaction process from 1a to 

1c on Pd (111). 

Cyclic stability 

The stability of ZIF-8@Pd@MOF-74 nanocatalyst was tested for the chemo-

selective hydrogenation of NS. The catalyst was recovered by simple centrifugation 

followed by washing with water/methanol. As can be seen from Fig. 8a, ZIF-

8@Pd@MOF-74 showed an excellent reusability, and the yield of 1b still can up to 84% 

after five catalytic cycles. In stark contrast, the catalytic activity of ZIF-8@Pd 

obviously decreased as the number of cycles increased. The Pd leaching results in Table 

S4 proved that the MOF-74 shell can prevent Pd nanoparticles from leaching. However, 

the collapse of crystal surface may be caused by mechanical agitation or some reactants 

and products react with MOFs (Fig. S15). PXRD patterns confirmed the structural 

integrity after reaction (Fig. S16). The XPS Zn 2p and Pd 3d patterns of the reused ZIF-



8@Pd@MOF-74 showed a negative shift compared to the fresh catalyst (Fig. 8b-c), 

which may be caused by the adsorption both the aromatic ring and the C=C double 

bond. The change in binding energy was consistent with the DFT conclusion that the 

C=C double bond preferentially adsorbs on the CUSs, and NS was parallel adsorbed on 

the Pd (111) surface. Fig. S17 demonstrated that the MOF-74 shell can prevent the 

oxidation of Pd, and there was no significant increase of Pd in divalent state after 

reaction. The IR spectrum did not change significantly before and after the reaction, but 

the C-H bond peak of NS appeared at around 2900 cm-1 (Fig. 8d), which proved the 

existence of coordination between NS and the catalyst. Therefore, ZIF-8@Pd@MOF-

74 demonstrates better stability and recyclability due to the MOF-74 shell prevent Pd 

NPs from leaching, oxidation, and poisoning owing to the chemisorbed impurity 

molecules caused by direct exposure to the catalytic environment. 

 

Fig. 8. (a) The recycle performance of ZIF-8@Pd@MOF-74 and ZIF-8@Pd for 

hydrogenation of NS; (b) The XPS Zn 2p spectrums and (c) Pd 3d spectrum of fresh 

and reused ZIF-8@Pd@MOF-74; (d) FT-IR results of fresh and reused ZIF-

8@Pd@MOF-74. 

Conclusion 



A new Pd-loaded core-shell ZIF-8@Pd@MOF-74 nanocatalyst for chemo-selective 

hydrogenation of Ar-C=C in the present of Ar-NO2 was synthesized by combining two 

kinds of MOFs with different pore sizes. The ZIF-8 core is beneficial for improving the 

loading and dispersibility of Pd NPs, while, the outer MOF-74 shell benefits improves 

the durability of Pd catalyst. The catalytic activity and selectivity (99%) for the C=C 

bond of NS was significantly improved on ZIF-8@Pd@MOF-74 nanocatalyst 

compared with other Pd-supported ones. More importantly, compared with the Pd-

catalyzed nitrostyrene reaction reported in the literature, the developed catalytic system 

can be efficiently performed with water as a solvent at room temperature and 1 atm. 

The role of outer shell in nitrostyrene hydrogenation reactions was systematically 

investigated via experimental and computational approaches, and the proposed the 

preferential adsorption and activation of the Ar-C=C than Ar-NO2 on the MOF-74 shell 

contribute to the higher selectivity. This facile preparation strategy can provide a solid 

blueprint to prepare other metal-loaded core-shell MOFs for hydrogenation reactions 

under milder conditions. 
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