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 ABSTRACT 

A highly porous and crystalline metal–organic framework (MOF) ZIF-8 has 

been synthesized and used for the preparation of a supported rhodium

nanoparticle catalyst (Rh@ZIF-8). The material has been characterized by PXRD, 

TEM, EDX, ICP–AES and nitrogen adsorption. The catalytic properties of 

Rh@ZIF-8 have been investigated in the hydroformylation of alkenes, with

different chain length and structure, to give the corresponding aldehydes, and

showed high activity. Furthermore, after the reaction was complete, the catalyst 

could be easily separated from the products by simple decantation and reused

five times without a significant decrease in the activity under the investigated

conditions. 

 
 

The hydroformylation or oxo reaction employed for 

the synthesis of aldehydes and alcohols starting from 

alkenes is an important reaction from both industrial 

and academic perspectives [1–5]. All current commercial 

hydroformylation processes are based on homogeneous 

catalysts, mostly using rhodium complexes, which 

have supplanted cobalt derivatives due to their higher 

activity [3–5]. These processes also use phosphine  

or phosphite ligands to increase the regioselectivity 

towards the desired linear or branched aldehyde 

[6–14]. Although homogeneous catalysts give high 

conversion and selectivity for desired product in 

short reaction times, they suffer from the problems  

of separating the catalyst from the reaction mixture 

and catalyst recycling. Thus, the development of a 

successful heterogeneous catalyst would allow a 

much simpler industrial production process to be 

implemented. Research efforts are directed towards 

the heterogenization of rhodium/cobalt complexes 

for hydroformylation of alkenes. The attachment of 

homogeneous catalysts to polymeric organic, inorganic 

or hybrid supports are such examples [15–20]. 

Although such catalysts can be recycled and easily 

separated from the reaction mixtures, they are usually  
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significantly less catalytically active and less thermally 

stable than their homogeneous analogues and also 

require complicated synthesis procedures [21]. Thus 

the development of a practical heterogeneous catalyst, 

such as supported rhodium nanoparticle catalysts, is 

highly desirable. 

Metal–organic frameworks (MOFs) are a new class 

of hybrid porous materials assembled with metal 

cations and organic ligands. By controlling the size 

and functionalization of the organic linkers, well- 

defined MOF structures with high surface areas and 

tunable pore sizes can be achieved, thus offering 

advantages over traditional microporous and meso-

porous inorganic materials [22–26]. Owing to their 

high surface area and porosity, the uses of MOFs   

as supports for metal (e.g., Pd, Au, Ru, and Pt) nano-

particles (NPs) have recently received tremendous 

attention [27–32]. Furthermore, some NPs@MOFs 

have exhibited excellent catalytic activities in organic 

reactions due to the confinement effect of the substrate 

in a MOF which means the particles remain con-

strained and do not grow further after catalytic 

reactions [31–34]. By virtue of its high chemical and 

thermal stability (550 °C in N2) and large surface area 

(ranging from 1,100 to 1,810 m2·g–1), ZIF-8 (Zn(mim)2, 

mim = 2-methylimidazolate), a zeolite-type MOF, has 

become the most promising candidate as an effective 

matrix to control the particle size of NPs and improve 

their catalytic surface area for heterogeneous catalysis 

[35–39]. Herein, a highly porous and crystalline  

MOF ZIF-8 has been synthesized and used for the 

preparation of a supported rhodium nanoparticle 

catalyst. The material has been characterized by XRD, 

TEM, EDX, ICP–AES and nitrogen adsorption. The 

catalytic properties of Rh@ZIF-8 have been investigated 

in the hydroformylation of alkenes with different chain 

length and structure to the corresponding aldehydes, 

and showed high activity. It is worth noting that the 

Rh@ZIF-8 catalyst can be separated easily by filtration 

after reaction and be reused several times without 

significant loss in activity. 

ZIF-8 was synthesized according to the reported 

method [35]. The synthesized ZIF-8 was activated 

and then added to a solution of RhCl3 under vigorous 

agitation. The mixture was then reduced with freshly 

prepared aqueous NaBH4 solution at 273 K. The solid 

was centrifuged and washed with three times with 

EtOH, and the resulting Rh@ZIF-8 was dried under 

vacuum (more details are given in the Electronic 

Supplementary Material (ESM)). The PXRD patterns 

of the synthesized ZIF-8 and Rh@ZIF-8 are similar  

to the simulated pattern of ZIF-8 (Fig. 1) reported by 

Yaghi et al. [36]. Both materials have high crystallinity 

and the sharp and strong peaks at 5–10° reveal the 

presence of micropores. The XRD pattern of Rh@ZIF-8 

(Fig. 1(c)) did not show the characteristic diffraction 

peaks of rhodium metal, suggesting that the rhodium 

nanoparticles are finely dispersed. An alternative 

explanation is that the signal is below the detection 

limit because of the relatively low Rh loading [40]. In 

addition, the XRD pattern of Rh@ZIF-8 after reaction 

showed that the main diffraction peaks were consistent 

with those of pristine ZIF-8, indicating that the frame-

work of ZIF-8 was maintained during the process of 

catalytic hydroformylation (Fig. 1(d)). 

N2 sorption isotherms of both samples are of type I 

(Fig. 2). The pore volumes of ZIF-8 and Rh@ZIF-8 

calculated from their adsorption isotherms are 0.592 

and 0.506 cm3·g–1, respectively. The decrease in pore 

volume (about 0.086 cm3·g–1) suggests that Rh enter 

through the pore windows and partially occupy the 

pores. The calculated BET surface areas of ZIF-8 and 

Rh@ZIF-8 are 1,366 and 1,178 m2·g–1, respectively. The 

reduction in surface area is also attributed to the 

incorporation of Rh in the pores of ZIF-8 [31, 32]. 

 

Figure 1 PXRD patterns of (a) simulated ZIF-8, (b) as-synthesized, 
(c) Rh@ZIF-8 and (d) the Rh@ZIF-8 after reaction. 
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Figure 2 N2 sorption isotherms of as-synthesized ZIF-8 and 
Rh@ZIF-8. Filled and open symbols represent adsorption and 
desorption branches, respectively. 

To determine the particle size distribution, we 

conducted TEM analysis on Rh@ZIF-8. Figure 3 shows 

typical TEM images of Rh@ZIF-8. The low magnifica-

tion image (Fig. 3(a)) shows the morphology of ZIF-8, 

but could not clearly show the Rh NPs, which indicate 

that the ZIF-8 immobilized Rh NPs were highly 

dispersed and have small sizes. The EDS of the 

sample shows the presence of Rh (Fig. S1 in the ESM). 

High-annular dark-field scanning TEM (HAADF- 

STEM) (Fig. 3(b)) provides direct evidence that the 

highly dispersed Rh NPs have been effectively 

immobilized by ZIF-8 and constrained to have small 

sizes. Clearly, the microporous structure of ZIF-8 

favors the formation of small rhodium nanoparticles, 

probably due to a high dispersion of the precursor 

Rh3+ ions through weak π-interaction with the 

2-methylimidazole linkers [31]. 

Catalytic activity of the Rh@ZIF-8 catalyst was 

evaluated in the hydroformylation of linear alkenes 

 

Figure 3 (a) TEM image and (b) HAADF-STEM image of 
Rh@ZIF-8. 

with different chain lengths and structure, and the 

results are listed in Table 1. It should be noted that 

the analysis of the reaction products shows that 

beside n- and iso-aldehydes as the desired reaction 

products, double bond shifted internal alkenes are 

also formed as side products by isomerization. No 

significant hydrogenation of alkenes to saturated 

alkanes was observed. The blank experiments with 

n-hexene and n-octene show that the parent ZIF-8 

(without rhodium) does not catalyze the double  

bond isomerization of n-alkenes to internal alkenes 

or the hydroformylation of alkenes to aldehydes 

even after reaction for 24 h of entry 3. The n/iso ratio 

of aldehydes was observed in the range of 0.4–0.9. 

Both the yield of aldehydes and the n/iso ratio are 

independent of carbon chain length of alkenes under 

our reaction conditions. 

The effect of syngas pressure on the reaction was 

studied (Table 2). In the range from 1.0 to 5.0 MPa, as 

shown in Table 2 (entry 1 to entry 5), the aldehyde 

yield increased with increasing pressure and 81% 

aldehyde yield was achieved at 5.0 MPa. The n/iso 

ratio (0.6–3.0) obtained with the Rh@ZIF-8 catalyst was 

in agreement with the results reported by Dupont 

and co-workers using Rh nanoparticles [41]. 

It was also clear from the data in Table 2 that 

prolonged reaction time led to an increase in aldehyde 

yield (entry 5 to entry 9). It is worth noting that the 

yield of aldehydes increased sharply but the n/iso-ratio 

decreased when the reaction time was prolonged from 

1 to 5 h (entry 5 to entry 9), which is in agreement with 

the results reported by Vu and co-workers [42, 43]. 

Table 1 Hydroformylation of different alkenes catalyzed by 
Rh@ZIF-8 

Entry Alkene Yield of 
aldehydes (%) 

Yield of 
isoa (%) 

Yield of 
nb (%)

n/iso

1 1-Hexene 92 48 44 0.9

2 1-Heptene 87 58 29 0.5

3c 1-Heptene 0 0 0 0

4 1-Octene 86 51 35 0.7

5 1-Dodecene 76 41 35 0.9

6 1-Tetradecene 79 53 26 0.5

7 Styrene 94 68 26 0.4
aiso: Branched aldehydes; bn: Linear aldehydes; ccatalyzed by 
ZIF-8, reaction time 24 h. 
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Table 2 Hydroformylation of 1-heptene catalyzed by Rh@ZIF-8 

Entry Pressure 
(MPa) 

Time 
(h) 

Yield of 
aldehydes 

(%) 

Yield of 
isoa (%) 

Yield of 
nb (%)

n/iso

1 1 5 8 2 6 3.0

2 2 5 21 7 14 2.0

3 3 5 39 19 20 1.1

4 4 5 52 29 23 0.8

5 5 5 81 50 31 0.6

6 5 1 21 5 16 3.2

7 5 2 44 25 19 0.8

8 5 3 55 31 24 0.8

9 5 4 74 43 31 0.7
a iso: Branched aldehydes; b n: Linear aldehydes.  

The lifetime is an important aspect concerning the 

use of catalysts, and therefore the reusability of the 

Rh@ZIF-8 was examined (Fig. 4). After reaction, the 

catalyst was separated from the reaction solution by 

simple filtration in air after the reaction. The separated 

catalysts were all washed by isopropanol under 

ultrasonic washing and used in the next reaction run. 

The recovered Rh@ZIF-8 exhibited high catalytic 

efficiency without evident loss of activity after the 

catalyst was reused five times (Fig. 4). The stability of 

Rh@ZIF-8 may be due to the good dispersion of the 

Rh nanoparticles [44, 45]. 

In summary, highly dispersed Rh NPs with small 

particle sizes have been successfully immobilized in 

the frameworks of ZIF-8, and exhibit high catalytic 

activity for the hydroformylation of n-alkenes. Furth-

ermore, after the reaction was completed, the catalyst 

 

Figure 4 Reusability of Rh@ZIF-8 catalyst for hydroformylation 
of 1-heptene. 

could be easily separated from the products by simple 

decantation and reused five times without a significant 

decrease in activity under the investigated conditions. 

These highly efficient catalysts, which can be separated 

easily after reaction, represent a promising step toward 

the practical applications of MOFs as effective matrices 

to immobilize Rh NPs in the catalytic hydroformyl-

ation reaction system. 
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