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ABSTRACT: In this work, the effects of preparation methods such as CE oven, microwave 

irradiation and ultrasound on the morphology, particle size and crystallinity of MIL-53(Fe)  

are firstly investigated. Furthermore, the methods are utilized to prepare Pt NPs@MIL-53(Fe).  

As a result, well-defined Pt NPs@MIL-53(Fe) prepared by microwave irradiation exhibits uniformed 

morphology, high crystallinity, and high-disperse Pt NPs, which has been confirmed by FT-IR, TG, 

N2 adsorption at 77K, TEM and PXRD. Pt NPs@MIL-53(Fe) composite can selectively catalyze  

the thiophene hydrogenation over nitrobenzene and benzothiophene hydrogenation. The result shows 

that the sulfur amount can rapidly be reduced to less than 10 ppm and the crystallinity of reacted  

Pt NPs@MIL-53(Fe) is unchangeable. 
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INTRODUCTION 

In the past decades, efforts are devoted to a kind 

porous material known as the metal-organic framework 

owing to the potential applications such as gas-

storage/gas-separation, drug delivery, chemical sensing, 

and catalysis and so forth [1-5]. So far, thousands of 

MOF materials have been prepared, which reveals  

the diversities of the compositions and structures [6]. Some 

of MOF materials such as HKUST-1[7], MIL-53[8], 

MIL-100[9], MIL-101[10], ZIF-8[11] and UIO-66[12] 

etc., are very enchanted owing to the stabilities involving 

in the chemical, solvent, water, thermal, light etc.  

 

 

 

Recently, MOF composites have been attracted more 

attention, in which MOF can serve as either host or guest 

to assemble desired material together [13]. The 

performances of the resulting composite, however,  

are scarcely explored.   

The catalysis is a promising chemical process of MOF 

not only because of their channel/cavity structure which  

is constructed by a node of metal ion/ cluster and linker 

of the organic ligand can offer the place for the chemical 

reaction [14] but also MOF can accommodate the desired 

material to form the composite and moreover give rise  
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to the expectably catalytic behavior. Usually, MOF 

materials would not exhibit catalytic properties because 

of the neutral framework. However, as the coordinated 

water in metal sites is removed, the MOF with vacancy 

metal site might sever as the Lewis-acid catalysis,  

for example, that HKUST-1 and MIL-101 can catalyze  

the cyanosilylation of benzaldehyde or acetone [15,16]. 

Alternatively, MOF materials can serve as  

the host, which is embedded into by the particles as the active 

site including the metal, alloy, metal oxide, metal 

complex and POM etc.[13,17, 18]. Meanwhile, the MOF 

composites have been carried out by the methods of 

liquid-impregnation and gas-infiltration [19, 20]. 

Recently, a new method called as directing self-assemble 

or templated method has been developed to prepare M or 

MOx NPs@MOF [18, 21], which is somewhat attributed 

to the relatively flexible framework of MOF materials. 

Guang Lu et al have considerably studied the process of 

DSA preparation of M/MOx/MX NPs@ZIF-8, notably, 

in which Pt NPs@ZIF-8 exhibits the region-

hydrogenation-catalyst [18].  

In the case of Pt NPs@ZIF-8, the Pt nanoparticles are 

dispersed as much as possible inside the ZIF-8 and 

locked by the lattices of ZIF-8 to effectively avoid 

aggregation or sinter of particles. However, the aperture 

of ZIF-8(~3.4Å) is too small to permit the entrance or 

exit of a bigger molecule. The aperture of the MIL-53 

ranges from ~0.8nm to ~1.3nm, which derivates from the 

called ‘breathing’ effect. On this level, molecules with 

~100Da of formula weight might go in or out freely. 

Moreover, their chemical reactions, especially on the 

region-oxidation and region-reduction, have always been 

the highlight fields by both academic and industrial 

views. As the catalyst, the noble metal [22] can be 

prepared large-scale with all sizes. In this work, we have 

achieved to embed mono-disperse metal Nano-particles 

(2.5nm Pt) into the MIL-53, and furthermore investigated 

their properties of composites through the catalytic 

behaviors to thiophene hydrogenation. 

 

EXPERIMENTAL SECTIONS 

Synthesis  

2.5nm Pt capped by PVP was prepared accordingly  

to ref. [22] (Supporting Information S1, Fig.S1). 

Solvothermal synthesis of MIL-53(Fe) at 80°C. 

FeCl3
.6H2O (270mg, 1.0mmol, Aladdin) and H2BDC 

(1,4-benzene dicarboxylic acid, 249mg, 1.5mmol, 

Aladdin) were dissolved into DMF (N,N’-

dimethylformamide, 10ml, 130mmol, Aladdin) to  

a brown solution. After continuously stirred for half  

an hour, the mixture with a molar ratio of FeCl3
.6H2O: 

H2BDC : DMF = 1 : 1.5 : 130 was sealed in an autoclave, 

put into the CE oven and crystallized at 80°C for  

42 hours. The product was centrifugally collected  

at 6000rpm for 5min, washed three times by ethanol,  

and dried at 80°C overnight. The yield was ~51.9% 

(based on the FeIII(OH){O2C-C6H4-CO2}·H2O [23]) 

Microwave irradiation synthesis of MIL-53(Fe) at 100°C. 

FeCl3
.6H2O (90mg, 0.33mmol) and H2BDC(83mg, 0.5mmol) 

were dissolved into DMF(40ml, 520mmol) in a simple flask 

to the brown solution, and continuously stirred for half an 

hour. Finally, the mixture with a molar ratio of FeCl3
.6H2O : 

H2BDC : DMF = 1 : 1.5 : 1 560 was put into the microwave 

oven and irradiated at 100°C for 4 hrs. The product  

was centrifugally collected at 6000rpm for 5min, washed  

three times by ethanol, and dried at 80°C overnight. The yield 

was ~90.1%. 

Ultrasound synthesis of MIL-53(Fe) at 70°C. 

FeCl3
.6H2O (540mg, 2mmol) and H2BDC(332mg, 

2mmol) were dissolved into DMF(10ml, 130mmol)  

in a flask to the brown solution, and continuously stirred  

for half an hour. Finally, the mixture with a molar ratio  

of FeCl3
.6H2O : H2BDC : DMF = 1 : 1 : 65 was put 

 into an ultrasonic generator and sonicated at 70°C  

for 4h at power 100W. The product was centrifugally 

collected at 6000rpm for 5min, washed three times  

by ethanol, and dried at 80°C overnight. The yield  

was ~16.9%. 

Pt NPs@MIL-53(Fe) of 2.5wt% composite  

was carried out by modifying the amount of nanoparticle.  

 

Catalytic behaviors 

Thiophene hydrogenation. The stock solution of 

thiophene/n-octane was prepared by adding 200mg of 

thiophene (Aladdin) into 1l of n-octane (76ppm of S, 

Aladdin). 50ml of thiophene/n-octane solution and 

500mg of Pt NPs @MIL-53 were added into the three-

neck flask equipped with a condenser. The mixture was 

stirringly heated up to 120°C and retained. H2 flow was 

controlled at 10ml/min. The sample was taken every half 

hour and analyzed by ZWK-2001 Microcomputer Sulfur 

Chloride Analyzer Instrument.  
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Materials characterizations 

Powder X-ray diffraction (PXRD). Powder X-ray 

diffraction (PXRD) patterns were recorded on a Rigaku 

D/MAX PC2200 diffractometer for Cu Kα radiation  

(λ =1.5406 Å), with a scan speed of 5°/min.  

TEM. The morphologies of the samples were 

inspected on a transmission electron microscope (JEOL-

2000ex).  

FTIR. The infrared (IR) spectra were recorded within 

the 400~4000 cm-1 region on a Nicolet iS10 FT-IR 

spectrometer using KBr pellets.  

Thermal gravimetric analyses (TG). The thermal 

gravimetric analyses (TG) were performed on TGA 

Q5000 instrument used in a nitrogen environment with  

a heating rate of 10°C/min. 

N2 isothermal adsorption. N2 isothermal adsorption 

experiments were performed at 77 K with a V-Sorb 

2800P apparatus using nitrogen as the probing gas.  

The samples were vacuumed for 6hrs at 120°C before the data 

were collected. 

ZWK-2001 Microcomputer Sulfur Chloride Analyzer 

Instrument. Operated condition: concentration of standard 

sample (dibutyl sulfide): 150mg/l, conversion: 70~120%; 

vaporized temperature: 760°C; cracking temperature: 

860°C; N2 flow: 150~200ml/min; O2 flow: 

250~300ml/min; injected volume of sample: 4.4μl.  

IRIS Intrepid II ICP instrument (Thermo Electron 

Corp.). The certain amount of product was filtered  

by using a 0.45μm membrane and dissolved by H2O2/H2SO4.  

 

RESULTS AND DISCUSSIONS 

The effect of the preparation methods on MIL-53(Fe) 

The mono-disperse nanoparticle (Pt NPs) is a 

metastable phase and sensitive to the reaction 

temperature, so the reaction temperature is as lower as 

possible in order to avoid the aggregation of mono-

disperse nano-particles. In our work, the methods, 

involving in the CE oven, microwave irradiation and 

ultrasound, have been tried to prepare the MIL-53 (Fe), 

and in the meantime, the reaction temperature is 

definitely ranged from 70 to 100°C. The PXRD shows 

that MIL-53(Fe)s prepared through different methods 

consist of ones from ref.[24,25] (Fig.1). From TEM 

diagrams (Fig.1), the MIL-53(Fe) particles prepared through  

the different methods are uniform with > 100nm of particle 

sizes. FT-IR spectroscopy (Supporting information 

Fig.S2) shows the characteristic vibration bands of  

the O2C-C6H4-CO2 and Fe-O in MIL-53(Fe). The thermal 

stability of MIL-53(Fe)s are determined by the TG 

(Supporting information Fig.S3), which give rise to  

a sharp weight loss after 400°C. The surface areas of 

MIL-53(Fe)s prepared by the different methods are calculated 

by the N2 isothermal adsorption at 77K, such as 1044 m2/g  

of MIL-53(Fe)-MW-100, 920 m2/g of MIL-53(Fe)-UTS-70 

and 900 m2/g of MIL-53(Fe)-CE-oven-80 (Supporting 

information Fig.S4, Table 1).  

 

The effect of the preparation methods on DSA 

preparation of Pt NPs @ MIL-53(Fe) 

Based on the above results, three methods, such as 

CE-oven-80, MW-100, and UTS-70, have been used to 

prepare the Pt NPs@MIL-53(Fe), respectively. The 

PXRD, TEM, FT-IR, TG, and N2 isothermal adsorption  

are employed to characterize the obtained Pt NPs@MIL-

53(Fe). The results of PXRD show that Pt NPs@MIL-

53(Fe) consists of MIL-53(Fe), which means that  

MIL-53(Fe) framework remain unchanged with  

Pt nanoparticles embedded into the framework of  

MIL-53(Fe) (Fig.2). From TEM diagram (Fig.3),  

the Pt nanoparticles are readily embedded into MIL-53(Fe)  

to form Pt NPs@MIL-53(Fe) matrix. FT-IR spectroscopy of 

Pt NPs@MIL-53(Fe) basically consists with MIL-53(Fe) 

and TG shows that there is sharp weight loss after 400°C 

which is almost the same as the occasion of the MIL-53(Fe) 

(Supporting information Fig.S6 & Fig.S7). From N2 

isothermal adsorption at 77K, the BET surface area of Pt 

NPs@MIL-53(Fe) apparently deceases about 200~300 

m2/g with a comparison to MIL-53(Fe) (Table 1, supporting 

information Fig.S8). The reason is caused  

by the collapse and jam of channel resulting from  

the incorporation of Pt nanoparticles.  

 

The catalytic behavior of Pt@MIL-53(Fe) to thiophene 

hydrogenation 

In order to verify the catalytic behaviors of Pt NPs 

@MIL-53(Fe) composite, the thiophene hydrogenation 

has been investigated under 120°C of reaction 

temperature. Firstly, the adsorption experiment of Pt NPs 

@MIL-53(Fe) to thiophene shows that 500mg Pt NPs 

@MIL-53(Fe) can adsorb ~10ppm thiophene (Supporting 

information, S8). During the experiment of thiophene 

hydrogenation (Fig.4), the sulfur content with using 
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Table 1: BET surface area of MIL-53(Fe)s and Pt NPs@MIL-53(Fe)s prepared by the different methods. 

Method MW-100 UTS-70 CE-oven 

SA(MIL-53(Fe)) /(m2/g) 1044 920 900 

SA(Pt NPs@MIL-53(Fe)) /(m2/g) 847 685 593 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: PXRD patterns (A) and TEM diagrams (B, C and D) of MIL-53(Fe) prepared by the different methods.  

(A): a. CE oven at 80°C; b. microwave irradiation at 100°C; c. ultrasound at 70°C. (B) CE oven at 80°C.  

(C) microwave irradiation at 100°C. (D) ultrasound at 70°C. 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2: PXRD patterns of Pt@MIL-53(Fe) prepared by the 

different methods: a. CE oven at 80°C; b. microwave 

irradiation at 100°C; c. ultrasound 70°C. 

500mg Pt NPs @MIL-53(Fe) as the catalyst rapidly 

decreases to 8.82ppm in 60min which is far lower than that 

in the blank. This indicates that Pt NPs @MIL-53(Fe) can 

efficiently catalyze the thiophene hydrogenation and 

desulfurize the thiophene. In order to furthermore 

investigate catalytic properties of Pt NPs @MIL-53(Fe), 

nitrobenzene and benzothiophene hydrogenations  

have subsequently been carried out. However,  

Pt NPs @MIL-53(Fe) does not work to both owing  

to the shape selectivities of Pt NPs @MIL-53(Fe). After 

the hydrogenation reaction is completed, ICP is utilized 

to determine the content of Pt in the product. The result 

shows that no leaching of Pt is found. The stability of 
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Fig. 3: TEM diagrams of Pt@MIL-53(Fe) prepared by the different methods: a. CE oven at 80°C; b. microwave irradiation  

at 100°C; c. ultrasound 70°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: The curves of sulfur content vs. time. () blank; () 

500mg Pt NPs@MIL-53(Fe). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: PXRD patterns of fresh and reacted Pt NPs@MIL-

53(Fe). a. fresh; b. reacted. 

 

Pt NPs @MIL-53(Fe) is confirmed by comparing  

the PXRDs of fresh and reacted Pt NPs @MIL-53(Fe). 

The results show that the peak intensity and peak shape 

of both almost consist with each other (Fig.5), which 

shows the thermal stability of Pt NPs @MIL-53(Fe).  

The recyclability of Pt NPs @MIL-53(Fe) composite  

is carried out under the same reaction condition as 

thiophene hydrogenation. The sulfur content just declines 

a little after 5 runs, owing to the operating loss of Pt NPs 

@MIL-53(Fe) (Fig.6).  

 
CONCLUSIONS 

In conclusion, different attempts have been used to 

prepare Pt NPs@MIL-53(Fe), such as CE oven, 

microwave irradiation, and ultrasound. Consequently,  

Pt NPs@MIL-53(Fe) prepared by microwave  

irradiation exhibits uniformed morphology, high 

crystallinity, and high-disperse Pt NPs, which has been 

confirmed by FTIR, TG, N2 adsorption at 77K, TEM  

and PXRD. Pt NPs@MIL-53(Fe) composite can 

selectively catalyze the thiophene hydrogenation  

over benzothiophene hydrogenation. The result shows 

that the sulfur amount can be reduced to less than 10ppm 

and the crystallinity of reacted Pt NPs@MIL-53(Fe)  

is unchangeable.  
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Fig. 6: The recyclability of Pt NPs@MIL-53(Fe). 
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