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Novel heterogeneous catalysts composed by CoAl2O4 nanoparticles supported on MIL-101(Cr) 

framework exhibiting remarkable catalytic performance for thioanisole oxidation under sustainable 

conditions. 
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The first catalytic active composites based in CoAl2O4 nanoparticles with different size (5.5 

and 2.5 nm) were successfully prepared using a simple methodology of incorporation into 

MIL-101(Cr) framework, CoAl-x@MIL(Cr). Characterization of CoAl-x@MIL(Cr) 

composites by elemental analysis, vibrational spectroscopy (FT-IR and FT-Raman), powder X-

ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy 

(TEM) and energy dispersive X-ray spectroscopy (EDX) confirmed the successful preparation 

and stability of the support structure after nanoparticles immobilization. A remarkable catalytic 

performance was found for thioanisole oxidation under sustainable conditions (95% of 

conversion after 30 min of reaction) and the catalytic application of the most active composite 

was extended to styrene oxidation. Higher catalytic performance was achieved for the 

composite prepared with larger CoAl2O4 nanoparticles. The recyclability and the stability of 

composites after catalytic use were investigated. For the CoAl-x@MIL(Cr) catalytic systems, 

the loading parameter instead of the nanoparticle size seemed to have a pronounced influence 

in the heterogeneous catalytic performance. The confinement effect promoted by MIL-101(Cr) 

cavities associated to the higher number of catalytic active centers (CoAl2O4) is clearly more 

important than the size of the catalytic nanoparticles used. 

 

 

 

 

Introduction 

The high surface area-to-volume ratio and the intriguing 

properties of nanoparticles (NPs) has led to their extensive 

application in a wide range of fields including biomedicine, 

ceramics, electronics and catalysis.1 Cobalt aluminate spinels 

are well known pigments used for decades in the plastics and 

paints industries2 but more recently, cobalt aluminate 

nanostructured materials are being applied as catalysts,2,3 gas 

sensors4 and self-cleaning agents.5 Concerning the catalytic 

applications, nanostructured cobalt aluminate have shown to be 

active and efficient catalysts in the oxidation of alcohols,2 aldol 

condensation3,6 and degradation of H2O2.
5 Nevertheless, the 

application of transition metal aluminate nanoparticles, 
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especially cobalt aluminate, as active species in the design of 

heterogeneous catalytic systems is still relatively unexplored. 

 The remarkable structural and chemical diversity of porous 

metal-organic frameworks (MOFs) have led to their extensive 

application in a wide range of fields such as gas and liquid 

storage,7 magnetism,8 drug delivery9 and more recently, as solid 

supports for the preparation of heterogeneous catalysts.10 In 

particular, MOFs have been used as hosts for the 

immobilization of nanoparticles due to their high porosity 

composed by open channels and cavities allowing the 

nanoparticles to be accessible as well as preventing 

aggregation.11,12 These nanoparticle-embedded MOF systems 

have shown interesting applications in the fields of gas storage, 

chemical sensing and heterogeneous catalysis, namely in the 

oxidation of CO and alcohols, hydrogenation and C-Ccoupling 

reactions.11-13 

 Among such diversity of MOFs, the chemical robustness 

and the peculiar 3-dimensional porous framework of the 

chromium(III) terephthalate MIL-101(Cr) with large and 

regular pores has led to its use as solid support in the design of 

novel heterogeneous catalysts.14,15 Several reports can be found 
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in the literature describing the preparation of composite 

materials through the incorporation of metallic nanoparticles in 

the chromium(III) terephthalate MIL-101(Cr) for catalytic 

applications.11,16-19 

 The increasing interest in the oxidation of organic sulfides 

is related with the fact that the resulting sulfoxides and sulfones 

are valuable intermediates in the synthesis of several 

pharmaceutical and agrochemical products.20 Thioanisole is the 

most commonly used substrate when evaluating the 

performance of a catalyst in sulfoxidation reactions. Several 

reports dealing with the oxidation of thioanisole are described 

in the literature using  metallic complexes 

incorporated/immobilized in different solid supports, such as 

silica,21 polymeric fibers,22 mesoporous titania,20 alumina 

aerogels and xerogels,23 zeolites,24 as well as fullerene-based 

nanoconjugates25 and, more recently, a three-dimensional 

graphene oxide foam.26 Li et al. describe the application of 

thiolate-stabilized gold nanoclusters in the sulfoxidation of 

different organic sulfides.27 The nanoclusters showed 

interesting catalytic activity in the sulfoxidation of thioanisole 

using iodosylbenzene as the oxidant with no significant loss of 

activity after five consecutive cycles. 

 The oxidation of styrene is of great importance for the 

industry since the main products obtained, i.e styrene oxide and 

benzaldehyde, are valuable organic intermediates for the 

production of fine chemicals. Environmentally friendly 

methods for oxidation of styrene with a clean oxidant have been 

a subject of current research.28-33 The application of metallic 

nanoparticles to catalyze styrene oxidation in the presence of 

hydrogen peroxide is not largely explored. The few work 

performed is based on iron oxide32 and titanium dioxide34 

supported in silica matrices and more recently in gold and silver 

nanoparticles incorporated in layered manganese oxides.31 The 

application of MOFs as heterogeneous catalysts for styrene 

oxidation has been investigated mainly in the presence of 

organic oxidants such as tert-butyl hydroperoxide, among 

others.35-37 Using sustainable oxidants, such as H2O2, scarce 

work can be find in the literature.30,38,39 

 In this work we report the preparation of the first hybrid 

composite based on CoAl2O4 nanoparticles obtained through 

their incorporation within the porous framework of MIL-

101(Cr). Different sized nanoparticles were selected, with 

average diameters of approximately 5.5 nm and 2.5 nm which 

lead to the formation of the CoAl-1@MIL(Cr) and CoAl-

2@MIL(Cr) composites, respectively. The novel composites 

presented a remarkable catalytic activity for the sulfoxidation of 

thioanisole under sustainable conditions. The catalytic 

application of CoAl-1@MIL(Cr) was enlarged to the oxidation 

of styrene. The influence of the nanoparticles size in the 

catalytic performance was evaluated. The catalytic efficiency, 

robustness and recycling ability of the composites was 

investigated. To the best of our knowledge, this is the first work 

reporting the incorporation of CoAl2O4 nanoparticles in MOF-

type materials for catalytic applications. 

 

 

 

Results and discussion 

Catalyst preparation and characterization 

The composite materials were prepared through the 

incorporation of CoAl2O4 nanoparticles with average sizes of 

5.5 nm and 2.5 nm in the chromium terephthalate MIL-101 

framework resulting in the composites CoAl-1@MIL(Cr) and 

CoAl-2@MIL(Cr), respectively. These materials were 

extensively characterized by several characterization 

techniques, including elemental analysis, vibrational 

spectroscopy (FT-IR and FT-Raman), powder X-ray diffraction 

(XRD), scanning electron microscopy (SEM), transmission 

electron microscopy (TEM) and energy dispersive X-ray 

spectroscopy (EDX). The elemental analysis results indicate the 

presence of Co and Al from the nanoparticles with a total metal 

loading of 2.0 wt% and 0.54 wt% for CoAl-1@MIL(Cr) and 

CoAl-2@MIL(Cr), respectively. The FT-IR spectra of the 

composites were compared with the spectra of the MIL-101 

support and the CoAl2O4 nanoparticles (Fig. 1A and Fig. S1, 

ESI†). The spectra are mainly composed by the typical 

absorption bands of the solid support, namely the intense bands 

in the 1700-1300 cm-1 range assigned to νas(COO), νs(COO) 

and ν(C-C).40-42 Other typical bands can also be found in both 

spectra, such as the less intense bands ascribed to the δ(C-H) 

and γ(C-H) stretching modes of the aromatic rings40 located at 

ca. 1018; 748 cm-1 and 991; 721 cm-1 for CoAl-1@MIL(Cr) 

and CoAl-2@MIL(Cr), respectively. Some evidences, however, 

can be found regarding the presence of the nanoparticles in the 

final composite specially in the CoAl-1@MIL(Cr) spectrum. It 

is possible to observe an increase of the relative intensity of 

some bands, namely the bands located at 1620 and 1018 cm-1, 

when compared with the same bands in the MIL-101 spectrum. 

Such fact is most likely due to the relative contribution of the 

nanoparticles bands that leads to the increase of the MIL-101 

bands located at similar wavenumbers in the CoAl-

1@MIL(Cr)spectrum. The FT-Raman spectrum of CoAl-

1@MIL(Cr) (Fig. 1B) exhibits the characteristic bands arising 

from the MOF.43 The presence of the nanoparticles in the 

composite is shown by a broad band (3377 cm-1) assigned to 

the ν(O-H) of water molecules together with a band located at 

ca. 3078 cm-1 attributed to the ν(C-H) of the phenyl rings 

arising from the solvent used in the nanoparticles preparation.44 

The spectrum of CoAl-2@MIL(Cr) (Fig. S2, ESI†) is nearly 

identical to the MIL-101(Cr), although in this case the presence 

of the nanoparticles is not so clear probably as a result of the 

lower metal loading in this composite. 
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Fig. 1 FT-IR (A) and FT-Raman (B) spectra of CoAl2O4 nanoparticles, the solid 

support MIL-101 and the CoAl-1@MIL(Cr) composite before and after catalysis. 

 

 The isolated nanoparticles, the MIL-101 support and the 

composite materials were studied by powder XRD (Fig. 2 and 

Fig. S3, ESI†). In the patterns of both composites, the main 

diffraction peaks of the MOF [for example, 2θ = 3.99 (h, k, l 

4, 0, 0), 5.20 (3, 3, 3), 5.84 (5, 3, 1), 8.40 (6, 6, 0), 9.00 (7, 5, 3) 

and 10.40 (10, 2, 2)] remain essentially unaltered after the 

incorporation of the nanoparticles. This fact indicates that the 

crystalline structure of MIL-101 is retained in the final 

composite materials and no collapse or degradation of the 

framework occurs. The absence of peaks from the nanoparticles 

in the CoAl-1@MIL(Cr) and CoAl-2@MIL(Cr) XRD patterns 

suggests a dispersion of the nanoparticles within the 

frameworks. In fact, the XRD patterns of the composites are 

dominated by the peaks of the more crystalline and abundant 

MOF while the broad and low intensity peaks of the 

nanoparticles are probably hidden in the background. 

 
Fig. 2 Powder XRD patterns of CoAl2O4 nanoparticles, the solid support MIL-101 

and the CoAl-1@MIL(Cr) composite before and after catalysis in the 3-23° range. 

 The morphology and chemical composition of the 

composite materials was also assessed by electron microscopy 

and energy dispersive X-ray spectroscopy (EDX). For 

comparison purposes, the isolated nanoparticles and the solid 

support were also studied by electron microscopy. The SEM 

images (Fig. S4, ESI†) of the composite materials show the 

characteristic morphology of the solid support although the 

presence of the nanoparticles is not clear. Fig. 3a shows the 

HRTEM image of the CoAl2O4 nanoparticles with an average 

size of 5.5 nm exhibiting a good dispersion and a uniform 

quasi-spherical morphology. The HRTEM image of the solid 

support (Fig. 3b) shows very well-defined cubic micro-crystals 

which are typical of the MIL-101(Cr) morphology15 while the 

corresponding EDX spectrum (not shown) reveals the presence 

of chromium. The higher resolution obtained with the HRTEM 

technique allowed to observe the presence of the nanoparticles 

in the composite. In fact, the HRTEM images of CoAl-

1@MIL(Cr) (Fig. 3c and 3d) exhibits the CoAl2O4 

nanoparticles immobilized on the cubic micro-crystals of the 

solid support. Furthermore, the existence of cobalt and 

aluminum in the EDX spectrum (Fig. S5a, ESI†) unequivocally 

confirms the presence of the CoAl2O4 nanoparticles in the 

composite material. 

 EDX elemental mapping was also performed for the CoAl-

1@MIL(Cr) composite (Fig. 4). The results indicate a uniform 

distribution of chromium from MIL-101 as well as the 

existence of the nanoparticles in the composite by showing the 

presence of the cobalt and aluminum elements 
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Fig. 3 HRTEM images of (a) CoAl2O4 nanoparticles, (b) solid support MIL-

101(Cr), (c) and (d) CoAl-1@MIL(Cr) composite material. 

 

 
Fig.4 SEM image and elemental mapping images for CoAl-1@MIL(Cr) 

composite material. 

 . 

Catalytic studies 

The composite materials were evaluated as heterogeneous 

catalysts in the oxidation of thioanisole (i, Scheme 1). The 

CoAl-1@MIL(Cr) composite was also tested in the oxidation of 

styrene (iv, Scheme 1). Acetonitrile was used as the solvent and 

H2O2 or aqueous t-BuOOH were used as oxidants in the 

oxidation of thioanisole (i) and styrene (iv), respectively. No 

conversion was observed using only the isolated solid support 

(MIL-101(Cr)) in similar catalytic conditions to the ones used 

in the oxidation reactions. The catalytic results obtained are 

summarized in Tables 1 and 2 for the oxidations of thioanisole 

(i) and styrene (iv), respectively. Fig. 5 compares the kinetic 

profiles obtained for the oxidation of thioanisole (i) catalyzed 

by CoAl-1@MIL(Cr) and CoAl-2@MIL(Cr). These reactions 

were performed using the same percentage of CoAl2O4 active 

centers [6 mg of CoAl-1@MIL(Cr) and 20 mg CoAl-

2@MIL(Cr)] in both composites to investigate the influence of 

the nanoparticle size. It is possible to observe that the 

composite incorporating the larger size CoAl2O4 nanoparticles, 

CoAl-1@MIL(Cr), presented higher conversions in shorter 

reaction times. This is an unexpected result since it is well 

known that the nanoparticles with smaller dimensions usually 

show higher conversion.45 However, it is also known that the 

activity of the nanoparticles is largely influenced by the nature 

of the support.45 Since the support in both composites is the 

same (MIL-101(Cr)) and it is absent of catalytic activity even in 

the presence of high amounts (i.e 20 mg), the difference of 

activity observed between the composites may be related with 

the different loading obtained for each composite and, probably 

a different interaction of CoAl2O4 nanoparticles with the 

support and their stability inside the MIL-101(Cr) cavities. To 

further investigate this point, the oxidation of thioanisole using 

the isolated nanoparticles without the solid support was 

performed. The oxidation was carried out using equivalent 

amounts of nanoparticles to the ones present in the composite 

materials according to its metal loading. As expected, the 

smaller size nanoparticles (CoAl-2) exhibited a higher catalytic 

activity than the larger nanoparticles (CoAl-1). The comparison 

between the catalytic performance of the nanoparticles and the 

related composites (Fig. S6, ESI†) shows that the 

immobilization of the nanoparticles has led to an enhancement 

of their catalytic activity. This enhancement effect is more 

pronounced for the larger nanoparticles (CoAl-1) probably as a 

consequence of a higher nanoparticle loading. In fact, the 

higher nanoparticle loading of CoAl-1@MIL(Cr) composite 

when compared with that of CoAl-2@MIL(Cr) may be 

responsible for the different conversion values observed. In 

CoAl-1@MIL(Cr), the higher number of catalytic active 

centers present per cavity of MIL-101(Cr) could result in a 

more pronounced confinement effect.39,46 In this case, more 

frequent interactions between the active centers and the 

substrates will occur which could lead to higher conversion 

values. 

 

(a) (b) 

(c) (d) 
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Scheme 1. Schematic representation of the oxidation products for the different 

substrates. 

Table 1. Catalytic data for the oxidation of thioanisolea using the 

heterogeneous catalysts. 

 
Time 

(h) 

Conversion 

(%) 

Selectivityb (%) 

ii iii 

CoAl-1@MIL(Cr) 

1st cycle 

 

0.17 

0.5 

 

46 

95 

 

70 

68 

 

30 

32 

2nd cycle 0.17 
0.5 

45 
96 

42 
71 

58 
29 

3rd cycle 0.17 

0.5 

44 

99 

80 

76 

20 

24 

CoAl-2@MIL(Cr) 
1st cycle 

 
0.17 

0.5 

 
42 

83 

 
48 

95 

 
52 

5 

2nd cycle 0.17 
0.5 

86 
94 

100 
100 

- 
- 

3rd cycle 0.17 

0.5 

97 

98 

100 

100 

- 

- 

aReaction conditions: 0.5 mmol of substrate, 2 mmol H2O2, 6 mg of CoAl-
1@MIL(Cr) or 20 mg of CoAl-2@MIL(Cr), 1.0 mL CH3CN at 70 ºC. bBased 

on the amount of consumed substrate. 

 

 
Fig. 5 Kinetic profile for the oxidation of thioanisole using CoAl-1@MIL(Cr) and 

CoAl-2@MIL(Cr) heterogeneous catalysts. 

  

 For the oxidation of thioanisole (i), a practically complete 

conversion (95%) was attained using CoAl-1@MIL(Cr) after 

only 30 min of reaction with 65% of selectivity towards 

methylphenylsulfoxide (ii). For the same reaction time, using 

CoAl-2@MIL(Cr) has led to a 83% conversion and 95% 

selectivity towards methylphenylsulfoxide (ii). Some examples 

can be found in the literature dealing with the oxidation of 

thioanisole catalyzed by metallic nanoparticles.27,47,48 Despite 

reporting practically complete conversions in the oxidation of 

thioanisole, the catalysts require much longer reactions times 

than the CoAl-x@MIL(Cr) composites herein reported. 

Although having a higher surface area, the smaller 

nanoparticles (ca. 2.5 nm) in CoAl-2@MIL(Cr) have shown 

similar or even inferior catalytic activity than the nanoparticles 

(ca. 5.5 nm) in CoAl-1@MIL(Cr). The extremely fast reaction 

rate of this oxidation together with the confinement effect 

promoted by the cages of MIL-101(Cr) are probably 

responsible for the similar activity observed of both composites 

despite the different size of the nanoparticles.  

 The slightly better catalytic performance of the CoAl-

1@MIL(Cr) composite has motivated its application in a 

different catalytic reaction, namely in the oxidation of styrene 

(iv). The use of CoAl-1@MIL(Cr) resulted in an 89% 

conversion after 30h of reaction with 48% selectivity towards 

benzaldehyde (v). As shown in Table 2, after 2h of reaction 

only benzaldehyde (v, 50%) and styrene oxide (vi, 50%) are 

formed. However, at the end of the reaction (30h) other 

oxidation products areobserved: acetophenone (vii, 6%), 

benzoic acid (viii, 3%) and t-butylperoxybenzoate (ix, 10%). 

Until the first 2h of reaction, the only products obtained are 

benzaldehyde (v) and styrene oxide (vi) in approximately equal 

amounts. For this reason, the other oxidation products 

(acetophenone, benzoic acid and t-butylperoxybenzoate), that 

are only present after the initial 6h of reaction, should be 

formed through the further oxidation of the first two oxidation 

products (benzaldehyde and styrene oxide). The gradual 

decrease in the selectivity values of benzaldehyde and styrene 

oxide after the initial 6h of reaction, should indicate that the 

later oxidation products are probably formed through the 

subsequent oxidation of the two initial products. This reaction 

path is consistent with reports in the literature dealing with the 

oxidation of styrene using t-BuOOH as the oxidant. Choudhary 

et al. describe the oxidation of styrene using supported gold 

nanoparticles as heterogeneous catalysts.49 In fact, the authors 

were able to conclude that benzaldehyde and styrene oxide are 

the primary products in the oxidation of styrene while the 

remaining products are formed through the oxidation of these 

primary products. Other publications reporting the catalytic 

oxidation of styrene with t-BuOOH as the oxidant also attribute 

the decrease in the selectivity of styrene oxide that usually 

occurs after long reactional times (>12h) to its decomposition 

into benzaldehyde, acetophenone and benzoic acid.50,51 

As previously performed, the catalytic activity of the isolated 

nanoparticles was also evaluated in the oxidation of styrene 

using identical experimental conditions. The results obtained 

reveal that the immobilization of the nanoparticles besides the 

advantage of allowing the recycling of the catalyst also 

enhances its catalytic performance towards the oxidation of 

styrene (Fig. S7, ESI†). 
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Table 2. Catalytic data for the oxidation of styrenea using the CoAl-

1@MIL(Cr) heterogeneous catalyst. 

 
Time 
(h) 

Conversion 
(%) 

Selectivityb (%) 

v vi vii viii ix 

CoAl-1@MIL(Cr) 
1st cycle 

 
2 

6 

30 

 
8 

26 

89 

 
50 

42 

48 

 
50 

54 

33 

 
- 

- 

6 

 
- 

- 

3 

 
- 

4 

10 

2nd cycle 2 

6 

30 

8 

21 

87 

50 

43 

39 

50 

57 

34 

- 

- 

8 

- 

- 

5 

- 

- 

14 

3rd cycle 2 
6 

30 

8 
22 

93 

88 
73 

33 

13 
27 

- 

- 
- 

11 

- 
- 

1 

- 
- 

55 

aReaction conditions: 1 mmol of substrate, 4.5mmol t-BuOOH, 20 mg of 
catalyst, 1.5 mL CH3CN at 70 ºC. bBased on the amount of consumed 

substrate. 

 

 

Recyclability and leaching 

The recyclability of the composite materials was evaluated for 

the oxidative reactions previously described. After each 

catalytic cycle, the catalysts were recovered by centrifugation, 

washed thoroughly with acetonitrile and dried in a desiccator 

over silica gel. The solids were then reused in a new oxidation 

reaction using the same experimental conditions. The catalytic 

data for the second and third cycles is summarized in Table 1 

and Table 2 for the oxidation of thioanisole (i) and styrene (iv), 

respectively. Fig. 6 shows the conversion values obtained for 

three consecutive cycles in the oxidation of thioanisole (i) using 

CoAl-1@MIL(Cr). The kinetic profiles for the three cycles are 

practically similar. As shown in Table 1, the selectivity values 

throughout the catalytic cycles also remain essentially 

unaltered. In fact, besides the similar conversion values, the 

selectivity values for the two products formed, 

methylphenylsulfoxide (ii) and methylphenylsulfone (iii), are 

identical. The conversion values obtained with both composites 

in the oxidation of thioanisole (i) are very similar along the 

catalytic cycles (Fig. 7).  

 

 

 

Fig. 6 Kinetic profile for three consecutive catalytic cycles for the oxidation of 

thioanisole using CoAl-1@MIL(Cr) as the catalyst. 

 
Fig.7 Conversion data obtained for three consecutive cycles in the oxidation of 

thioanisole after 30 min of reaction using both catalysts. 

 The CoAl-2@MIL(Cr) composite has shown a higher 

selectivity towards methylphenylsulfoxide (ii) throughout the 

three catalytic cycles than CoAl-1@MIL(Cr) (Fig. 8). The high 

reproducibility observed in all oxidative reactions clearly 

confirms the robustness and reusability of the heterogeneous 

catalysts in the oxidation of this substrate.  

 
Fig. 8 Selectivity towards methylphenylsulfoxide (ii) obtained for the oxidation of 

thioanisole using both catalysts after 30 min of reaction. 

 The reusability of CoAl-1@MIL(Cr) was also investigated 

for the oxidation of styrene (iv) in order to evaluate its 

versatility as heterogeneous catalyst. Fig. 9 exhibits the kinetic 

profiles for the oxidation of styrene with CoAl-1@MIL(Cr) and 

t-BuOOH for three consecutive cycles. The high recycling 

ability of the composite can be observed from the very similar 

kinetic profiles throughout the catalytic cycles. This similarity 

is consistent with a high robustness of the heterogeneous 

catalyst since it strongly indicates that no chemical 

decomposition/degradation occurs during the cycles. As shown 

in Table 2, conversion values of 87 % or higher were achieved 

after 30 h of reaction in the three cycles. Fig. 10 compares the 

conversion and selectivity towards benzaldehyde (v) values 

obtained in the oxidation of styrene with t-BuOOH for three 

consecutive cycles. The conversion values along the catalytic 

cycles are similar, but there is a slight decrease in the selectivity 

along the catalytic cycles. In fact, while the major product 

obtained in the oxidation of styrene in the first two cycles is 
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benzaldehyde (v), in the third cycle the main oxidation product 

is t-butylperoxybenzoate (ix). As previously discussed, this 

behavior is due to the decomposition of benzaldehyde and 

styrene oxide that occurs after long reactional times. 

 

 
Fig. 9 Kinetic profile for three consecutive catalytic cycles for the oxidation of 

styrene using CoAl-1@MIL(Cr). 

 
Fig. 10 Conversion and selectivity towards benzaldehyde (v) data obtained for the 

oxidation of styrene using CoAl-1@MIL(Cr) after 30h for the (a) first, (b) second 

and (c) third cycles. 

 The CoAl-1@MIL(Cr) composite has shown to be an active 

and recyclable heterogeneous catalyst in both thioanisole and 

styrene oxidation reactions for three consecutive cycles. In 

particular, the composite exhibited a remarkable catalytic 

activity towards the thioanisole oxidation using H2O2 as the 

oxidant (conversions higher than 95% for 30 min of reaction) 

when compared with the majority of reports found in the 

literature. Walmsley et al. have reported the application of 

oxovanadium(IV)-functionalized polybenzimidazolenanofibres 

as heterogeneous catalyst in the oxidation of thioanisole 

exhibiting interesting catalytic activity and recyclability.22 

Similar conversion and selectivity values to our work were 

attained along three catalytic cycles, although for three times 

longer reaction times. 

Catalyst material stability 

The stability of the heterogeneous catalysts was investigated 

through the extensive characterization of the solid recovered 

after three consecutive cycles of thioanisole oxidation, CoAl-

1@MIL(Cr)-ac (ac stands for after catalysis). The vibrational 

spectroscopy (Fig. 1) spectra of CoAl-1@MIL(Cr)-ac are very 

similar to the corresponding ones before catalysis. One 

exception is the appearance of the nanoparticles most intense 

band (1001 cm-1) in the Raman spectrum of the composite after 

catalysis (Fig. 1B). This band is absent in the corresponding 

spectrum before catalysis as a result of the incorporation of the 

nanoparticles within the MIL-101 framework. Therefore, the 

appearance of this band in the spectrum after catalysis should 

be related with the occurrence of some leaching of the 

nanoparticles during the catalytic cycles. In fact, the elemental 

analysis results indicate a Al/Cr(wt%) ratio of 0.05 for CoAl-

1@MIL(Cr)-ac which is slightly lower than the ratio obtained 

before catalysis (0.075). The XRD pattern of the composite 

after catalysis (Fig. 2) exhibits a very similar profile to the 

pattern of CoAl-1@MIL(Cr) regarding the position and 

intensity of the main peaks of MIL-101(Cr) suggesting that the 

MOF structure is preserved after the three catalytic cycles. The 

morphology of the composite seems to be preserved after the 

catalytic cycles as the SEM images of CoAl-1@MIL(Cr)-ac 

(Fig. S8, ESI†) still exhibit the characteristic cubic micro-

crystals of MIL-101. The EDX spectrum of CoAl-1@MIL(Cr)-

ac (Fig. S5b, ESI†) also shows the presence of the elements that 

compose the nanoparticles (Co and Al) in a similar ratio to the 

EDX spectrum before catalysis. The stability of the CoAl2O4 

nanoparticles was also evaluated by determining its size 

distribution (through HRTEM images analysis) in the CoAl-

1@MIL(Cr) composite after three catalytic cycles of styrene 

oxidation. The average size of the nanoparticles before catalytic 

use was 4.7 ± 0.8 nm while the corresponding value after the 

catalytic cycles was 4.2 ± 0.6 nm. Such a result indicates that 

no significant nanoparticle aggregation occurs which is 

consistent with the highly reproducible kinetic profiles obtained 

in the three styrene oxidation cycles. 

Conclusions 

Novel hybrid composite materials, CoAl-x@MIL(Cr), were 

prepared through the incorporation of CoAl2O4 nanoparticles (x 

= 1 for 5.5 nm; x = 2 for 2.5 nm average sizes) within the MIL-

101(Cr) framework. The successful incorporation of the 

nanoparticles and the structural preservation of the metal-

organic framework was confirmed by a vast number of 

characterization techniques, including vibrational spectroscopy 

(FT-IR and FT-Raman), elemental analysis, powder XRD, 

transmission and scanning electron microscopy (TEM/SEM) 

and energy dispersive X-ray spectrosocopy (EDS) elemental 

mapping. The composites were tested as heterogeneous 

catalysts in oxidative reactions, namely in the oxidations of 

thioanisole and styrene. 

 The composite materials have proved to be efficient 

catalysts for oxidative catalysis, specially in the oxidation of 

thioanisole with pratically complete conversions achieved after 

only 30 min of reaction. The similar catalytic data (conversion 

and selectivity) obtained in three consecutive catalytic cycles 

clearly suggests a high recycling ability of the composite. In 

this work, the size of the nanoparticles seems not to 
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significantly influence the catalytic performance of the 

composites. The integrity of CoAl-1@MIL(Cr) was confirmed 

after three consecutive catalytic cycles by different 

characterization techniques. Following the interesting catalytic 

activity and robustness exhibited by CoAl2O4-containing 

composites, we are currently interested in the design of novel 

composites through the encapsulation/intercalation of these 

nanoparticles in other solid supports and their evaluation as 

heterogeneous catalysts. 

 

Experimental 

Materials and methods 

All the reagents used in the preparation of the composite 

material, such as chromium(III) nitrate nonahydrate 

[Cr(NO3)3·9H2O, Aldrich], benzene-1,4-dicarboxylic acid 

(C8H6O2, Aldrich), hydrofluoric acid (HF, Aldrich), cobalt 

acetate [(CH3CO2)2Co, Aldrich], benzyl alcohol (C7H8O, 

Aldrich) and aluminiumisopropoxide [Al(OC3H7)3, Aldrich] 

were used as received without further purification. The reagents 

used in the catalytic studies, namely thioanisole 

(Aldrich),styrene (Aldrich), acetonitrile (Panreac), hydrogen 

peroxide 30% (H2O2, Riedel-de-Häen) andaqueous tert-

butylhydroperoxide(t-BuOOH, Aldrich) were used as received 

without further purification. 

 Elemental analyses for Co, Al and Cr were performed by 

ICP-MS at the Central Laboratory of Analyses of the 

University of Aveiro. FT-IR spectra were obtained on a Jasco 

460 Plus spectrometer using KBr pellets, while the FT-Raman 

spectra were acquired on a RFS-100 Bruker FT-spectrometer, 

equipped with Nd:YAG laser with a 1064 nm excitation 

wavelength and laser power set to 350 mW. Powder X-ray 

diffraction patterns were obtained at room temperature on 

aX’Pert MPD Philips diffractometer, equipped with an 

X’Celerator detector and a flat-plate sample holder in a Bragg-

Brentano para-focusing optics configuration (45kV, 40 mA). 

Intensity data were collected by the step-counting method (step 

0.013°), in continuous mode, in the ca. 10 ≤ 2θ ≤ 70° range. 

Scanning electron microscopy (SEM) images were acquired in 

a high resolution scanning electron microscope Hitachi SU-70 

instrument working at 4 kV. 

 High resolution transmission electron microscopy 

(HRTEM) was performed using a JEOL 2200FS microscope 

with a field emission gun operating at 300 kV. The energy-

dispersive X-ray spectroscopy (EDX) data were collected on a 

Hitachi S-4100 field emission gun tungsten filament instrument 

working at 25 kV. Samples were analyzed as powders and 

prepared by deposition on aluminium sample holders followed 

by carbon coating using a Emitech K950 carbon evaporator. 

The average diameter of the nanoparticles was determined by 

analysis of HRTEM images using the software ImageJ v1.48 (at 

least 50 measurements for each case). GC-MS analysis were 

performed using a Hewlett Packard 5890 chromatograph 

equipped with a Mass Selective Detector MSD series II using 

helium as the carrier gas (35 cms−1); GC-FID was carried out in 

a Varian CP-3380 chromatograph to monitor the catalytic 

reactions. The hydrogen was used as the carrier gas (55 cms−1) 

and fused silica Supelco capillary columns SPB-5 (30m × 

0.25mm i.d.; 25 µm film thickness) were used. 

 

Synthesis and preparation of the materials 

CoAl2O4 nanoparticles. The nanoparticles were prepared 

through a non-aqueous sol-gel method following a recently 

published procedure.32The synthesis was carried out in a 

glovebox (O2 and H2O < 1 ppm). Briefly, in a glovebox, 

aluminium isopropoxide (2 mmol) was added to a cobalt 

acetate solution (1 mmol) in benzyl alcohol (20 mL) and 

allowed to stir for 10 min at room temperature. The mixture is 

then transferred to a stainless steel autoclave and placed in an 

oven for 2 days at 150°C or 250 °C for the 2.5 nm and 5.5 nm 

nanoparticles, respectively. The suspension was centrifuged and 

the resulting solid was thoroughly washed with ethanol and 

dichloromethane, and dried in an oven at 60 °C. 

 

Solid support MIL-101(Cr). The porous metal-organic 

framework (MOF) material was prepared by an adaptation of 

the method described by Férey et al.14 Briefly, a mixture 

containing chromium(III) nitrate (2 mmol), benzene-1,4-

dicarboxylic acid (2 mmol) and hydrofluoric acid (100 µL) in 

H2O (10 mL) was stirred at room temperature for 

homogenization, transferred to an autoclave and heated at 

220°C for 9 h in an electric oven. After cooling to room 

temperature, the solid was recovered by centrifugation and 

purified through a double DMF and ethanol treatments. 

 

Composite materials CoAl-x@MIL(Cr). The composite 

materials were prepared through the immobilization of the 

CoAl2O4 nanoparticles in the porous MIL-101(Cr). The 

nanoparticles (10 mg) were dispersed in ethanol (50 mL) and 

added to MIL-101(Cr) (240 mg). The mixture was stirred at 

room temperature for 24 h. Afterwards, the solid was isolated 

by centrifugation, washed thoroughly with ethanol and dried in 

a desiccator over silica gel. The incorporation with 5.5 nm and 

2.5 nm nanoparticles lead to the formation of the CoAl-

1@MIL(Cr) and CoAl-2@MIL(Cr) composites , respectively.  

 CoAl-1@MIL(Cr): Anal. Found (%): Cr, 10.6; Co, 1.2; Al, 

0.80; total metal loading:2.0 wt%. Selected FT-IR (cm-1): 3431, 

1620, 1547, 1506, 1400, 1378, 1161, 1109, 1043, 1018, 885, 

829, 748, 715, 660, 586. Selected FT-Raman (cm-1): 3377, 

3078, 1613, 1456, 1146, 868, 812, 631. 

 CoAl-2@MIL(Cr): Anal. Found (%): Cr, 14.4; Co, 0.34; Al, 

0.20; total metal loading: 0.54 wt%. Selected FT-IR (cm-1): 

3408, 1597, 1514, 1481, 1379, 1358, 1142, 1084, 1014, 991, 

856, 806, 721, 688, 642, 565. Selected FT-Raman (cm-1): 3080, 

2934, 1615, 1460, 1148, 1044, 870, 812, 631. 

Catalytic studies 

The oxidation reactions (Scheme 1) were carried out in 

borosilicate 10 mL reaction vessels using acetonitrile (MeCN) 
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as the solvent. In the oxidation of thioanisole (i), the substrate 

(0.5 mmol) and the catalyst [6 mg for CoAl-1@MIL(Cr) or 20 

mg for CoAl-2@MIL(Cr)]were dissolved in MeCN (1.0 mL) 

under stirring and then H2O2 30% (2mmol) was added to the 

reaction mixture. Regarding the oxidative reaction of styrene 

(iv), the substrate (1 mmol) and the catalyst (20 mg) were 

added to MeCN (1.5 mL) under stirring followed by the 

addition of aqueous t-BuOOH (4.5 mmol). All oxidative 

reactions were carried out at 70°C. GC analysis was used to 

monitor the catalytic reactions and stopped when product yields 

remained constant after two successive GC analyses. An aliquot 

was taken directly from the reaction mixture with a 

microsyringe at regular intervals, diluted in acetonitrile and 

injected into the GC or GC-MS equipment for analysis of the 

starting material and products. The reaction products were 

identified by GC-MS analysis. 
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