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Abstract 

The possibility to apply metal organic framework (MOF) based catalysts for oxidation reaction in gas 

phase was explored. Catalytic activity of the vanadium oxide catalyst incorporated in MIL-101(Cr) as 

support was investigated in gas phase ethanol oxidative dehydrogenation (EtOH-ODH) and compared 

to that of MIL-47(V) metal organic framework material containing vanadium as central metal in the 

framework structure and to a classical VOx/ZrO2 supported vanadium oxide catalyst. It was found that 

vanadium species, incorporated in MIL-101(Cr) support by a variant of vapor deposition method, are 

stabilized in the form of well dispersed VOx species (no vanadium pentoxide clusters was detected in 

the catalyst). The obtained VOx@MIL-101(Cr) catalyst exhibited high selectivity towards acetaldehyde 

(up to 99%) at reaction temperatures not exceeding 200°C. The catalytic activity of VOx@MIL-101(Cr) 

catalyst reached an activity level  comparable to that of the classical VOx/ZrO2 catalyst, but the specific 

productivity of acetaldehyde (3 kgAA kgcat
-1 h-1) was higher by 75% compared with productivity on 

VOx/ZrO2 due to much higher content of vanadium species, which could be hosted by the MOF. On 

the other hand, MIL-47(V) catalyst exhibited negligible activity seemingly due to coordinatively 

saturated character of the vanadium centers and/or too high stability of the VIV oxidation state. This 

proof-of-concept study proved that application of MOF materials as host matrices for heterogeneous 

catalysts aiming oxidation reaction in gas phase could be efficient as demonstrated on the example of 

oxidative dehydrogenation of ethanol. 
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Introduction 

 

Metal-organic frameworks (MOFs), also known as Porous Coordination Polymers (PCPs), are 

crystalline coordination compounds consisting of inorganic entities connected by means of organic 

bridging ligands [1]. They feature record holding surface areas, nearing the theoretical limits of 

porosity for any material at 104 m2 g-1 [2], which creates significant prospects for their practical use [3-

6]. Due to relatively low stability there are still no large scale uses of them, but opportunities  for such 

industrial applications as small molecule storage [7-9], separation [10, 11], heterogeneous catalysis 

[12-16], an recently also for electrical accumulator technologies [17-18] are significant.  

There are two principal ways in incorporating the catalytic metal in the MOFs structure. The first one 

is the use of it as a part of the structure and the second is to load and subsequently immobilize the 

species in the pores of the matrix-material. Approximately a dozen of conventional vanadium-only 

based MOFs are known [19].  Among these only MIL-47(V)  (MIL means Matérial Institut Lavoisier) 

with surface area up to 900 m2 g-1 [20] and pore sizes up to 10.5x11 Å possesses sufficient chemical 

and thermal stability (up to 280 °C) to be a promising candidate for a multi-purpose catalyst . The 

higher stability of MIL-47(V) is explained by the fact that high temperature activation causes internal 

oxidation of VIII in the as-synthesized form to VIV, which undergoes with minor structural 

reorganization [20]. The structure VIV does not feature explicitly opened metal sites and the capacity 

towards easy charge flipping decreases due to increased structural stabilization. Some other MOFs 

like MIL-88(V) and MIL101(V) featuring VIII with opened metal sites would be much better candidates 

for catalytic materials, but unfortunately they convert at high temperatures to MIL-47(V) [21]. 

Vanadium based MOFs were demonstrated to have some catalytic effect [22] for such reaction as 

epoxidation of cyclohexene [23-25] and oxidative desulfurization [26] (however excesses of such 

agents as tertbuthylperoxide tend to degrade even the most robust MIL-47(V) or its derivatives [27]). 

MOFs based on mixed-metal clusters containing vanadium were occasionally synthesized, using 

chiefly aluminium-based prototypes, like  [Al(OH)L]n, where L= p-benzenedicarboxylate or p-

naphtalenedicarboxylate [28] or MIL-53(Al) [29],  which are essentially close to vanadium analogues, 

but testing of such materials in catalysis is still in its infancy. According to some researchers, until now 

there are practically no examples, where the metals incorporated in the clusters (‘constitutional’ metal 

ion) would express pronounced catalytic effect [30]. While this statement is disputablethe actual 

catalytic sites are associated with defects, which are inevitably generated at elevated temperatures 

even in coordinatively saturated MOFs like MIL-47(V) by disruption of some of the inherently labile 

coordination bondsthe approach targeting the use of the relatively non-numerous and not really 

modifiable SBUs as catalytic species has limited prospects. Somewhat broader possibilities exist, when 

the metal is incorporated in the organic linkers. Despite this group of compounds is still highly exotic 

due to additional synthetic steps necessary, examples of vanadium containing MOFs based on 

dipyridyl struts for oxidation of tetralin [31] or on salen-struts for asymmetric cyanosylilation do exists 

[32], even if the result are far from being breakthrough, due to the simplicity of the chosen reactions. 

The second approach, namely the loading of the vanadium species in the pores of the MOFs provides 

much more opportunities regarding the choice of the catalytic species. The evident drawback is the 

decrease of the internal surface area and problems with different localization and non-uniform 

concentration of the species, and the material could be viewed rather as a heterogeneous catalytic 

mixture than an individual material. MOFs themselves are relatively labile compounds, while the ODH 

reaction conditions often demands temperatures over 200 °C as well as presence of oxygen and water 

as reaction products. MOFs with high hydrolytic stability are relatively rare, with main classes available 



being the carboxylate and azolate MOFs [33] (very recently the phosphonate class with appreciable 

porosities starts to emerge [34]). The azolate MOFs, with the exception of the more labile tetrazolates 

[35], possess inherently low oxidative stability, while among carboxylate MOFs one of the highest 

hydrolytic stability belongs to MIL-101(Cr) [36, 37] due to kinetic inertness of the Cr3+ regarding ligand 

exchange [38]. The latter also possess very large pores, compared to an average MOF, excellent 

porosity (SBET up to 4000 m2 g-1, ~29 Å largest accessible pore diameter as well as  ~11 and 15 Å vdW 

(van der Waals dimensions) free pore opening in the pentagonal and hexagonal windows respectively 

[39-41])  and good thermal stability (up to 300-350 °C). Hence MIL-101 is a natural choice as a matrix 

material for general purpose catalysis. A special attention is drawn by encapsulated polyoxometallate 

species, POM@MIL-101 [42-43] (and refs. herein) particularly for oxidative catalysis, including 

vanadium containing [Co(H2O)2(PW9O34)2]@MIL-101 investigated for photocatalytic water oxidation 

[44], and H6[PMo9V3O40]@MIL-101(Cr)@SBA-15 for liquid phase benzene hydroxylation by oxygen gas 

at 80 °C  [45]. Embedded catalysts of other types are less frequent, however the incorporation of 

metal-oxides in the receives growing attention [46]. There is only one report featuring catalytic 

vanadium containing materials of this type, the VOx@MIL-101(Cr), demonstrated to catalyze high yield 

oxidations of sulfides to the respective sulfoxides/sulfones in polar media at room temperature [47]. 

A promising catalytic process employing vanadium species in MOFs is the oxidative dehydrogenation 

(ODH) of ethanol to acetaldehyde in the gas phase, which can be realized at temperatures as low as 

200°C. In addition, ethanol ODH can be also used as alternative process to the Wacker production of 

acetaldehyde from ethylene [48],[49],[50]. The benefit of using oxidative dehydrogenation is in 

possible implementation of the biomass-derived bio-ethanol, reduction of ethylene demand and 

improving the environmental friendliness by suppressing the production of toxic chlorinated by-

products, typical for the Wacker process. Vanadium based catalysts belong to the most investigated 

and promising catalytic systems for the ODH of ethanol. Previous studies demonstrated that catalytic 

activity of the catalyst depend on nature of the support and speciation of vanadium complexes [50-

54]. Regarding the activity and selectivity pair of parameters, the tetrahedral oligomeric vanadate 

species seems to be the most appropriate catalytic entities [50, 52, 55, 56]. Nature of the support and 

its interaction with surface vanadyls play crucial role; VOx/TiO2 and VOx/ZrO2 catalysts exhibit 

significantly higher activity than vanadyls dispersed on silica and alumina supports [48, 50, 52, 56]. To 

the best of our knowledge, no study on vanadium containing MOF catalysts for ODH of ethanol in gas 

phase was conducted. However, an obvious interest towards the related vanadium catalyzed ODH 

reaction of (cyclo)alkanes to respective (cyclo)alkenes as in the Ni-doped CoOx@Nu-1000(Zr) [57]  and 

VO(acac)2@UiO-66(Zr) [58] functioning below 300 °C is emerging recently. These compounds feature 

well-defined anchoring of the catalytic species to the SBUs, which facilitates the interpretation of the 

catalytic test results. Unfortunately the Zr-based MOFs are not solvo-/hydrolytically stabile enough at 

elevated temperatures to be used for ODH of alcohols. In any case the elucidation of the anchoring 

mode and mechanism of catalysis of the encapsulated metal species in MOFs is of a great importance 

[59], and is topical for potential vanadium catalysts.   

Proper, uniform deposition of the vanadium species in the pores of MOFs is an evident problem. In 

the case of metal oxide supports the high temperature ‘annealing’ (>350 °C), which allows the 

vanadium species to redistribute uniformly on the surface makes the differences between deposition 

method not very pronounced. The widely used wet-impregnation method, which is particularly not 

uniform in general case, still ensures good results. MOFs are different from metal-oxide matrixes in 

regard of much lower thermal stabilities and low affinity of the organic moieties towards vanadium 

oxides, which is a hindrance for uniform distribution of the catalyst within a surface monolayer. 

Methods of low-temperature decomposition of species introduced by wet-impregnation without 

harsh calcination, i.e. ‘burning’ out the organic species, do exist, namely the decomposition of NH4VO3 



(Tdecomp > 180-220 °C [60], even if > 400 °C are typically used) , which was successfully used for the 

deposition of vanadium species in the pores of MIL-101(Cr) [47]. However there is a dual-sided 

problem of vanadium loading optimization dealing with uniform distribution and low-processing 

temperatures in order to preserve maximally the MOF matrix.  

Based on the above mentioned facts, we report here VOx@MIL-101(Cr) catalytic system using a 

loading method related to vapor deposition with subsequent hydrolysis and activity testing of such 

catalyst in oxidative dehydrogenation of ethanol to acetaldehyde. Catalytic performance of the 

VOx@MIL-101(Cr) material is compared to that of MIL-47(V) MOF, where vanadium is part of MOF 

structure, and VOx/ZrO2 catalysts, representing one of the most active and selective catalytic system 

among the classical metal-oxide supported materials.  

 

Experimental part 

Materials 

Synthesis of MIL-47(V) 

The material was synthesized using a slight modification of the original procedure [20, 61]. 1.10 g (7.00 

mmol) of VCl3 and 1.16 g (7.00 mmol) of terephtalic acid were dissolved and thoroughly homogenized 

in 25.2 ml deionized water in a 50 ml Teflon lined autoclave. The sealed vessel was heated at 200 °C 

for three days. The solid product was filtered by gravity filtration through a filter paper. The dried 

product was transferred in an Erlenmeyer flask containing 40 ml of DMF and heated under slow 

stirring at 80 °C for 1 h. The solid was filtered out and washed with a small amount of DMF. The 

purification procedure, employing heating at 80 °C, was repeated once with DMF followed by one 

treatment with EtOH. After thorough final washing with EtOH the product was dried in air  at 80 °C 

during 16 h. Yield of the yellow solid was 0.50 g (a few syntheses were worked up together and the 

given amounts of solvents and yield correspond to a single synthesis. Note also that even the relatively 

low temperature treatment in DMF was sufficient to oxidize the vanadium to VIV state, so the obtained 

product is the conventional MIL-47(V) and not the MIL-47(V)-as precursor form). 

Synthesis of MIL-101(Cr) 

The material was synthesized using a modification of a fluoride-free method of preparation using nitric 

acid as an additive [62]. 2.00 g (5.00 mmol) of chromium(III) nitrate nonahydrate (Cr(NO3)3 · 9H2O) and 

0.83 g of terephtalic acid (5.00 mmol) in a solution of 0.347 ml of concentrated nitric acid (60%) in 25 

ml of deionized water were thoroughly homogenized in a 50 ml Teflon lined autoclave. The sealed 

vessel was heated for 8 h at 220 °C and cooled to room temperature (- 40°C h-1 gradient). The product 

was filtered by gravity filtration through a paper filter, washed thoroughly by multiple large portions 

of hot (~70-80 °C) deionized water. The same sequence of 2× DMF and 1× EtOH washings (30 ml in 

each case) as described in the synthesis of MIL-47(V) were applied (see above). The product, after final 

filtration and washing with a copious amount of EtOH was dried in air at 80 °C during 16 h yielding 904 

mg of the product in a form a fine green powder (similarly to the previous compound, multiple 

syntheses were worked up together). 

Synthesis of VOx@MIL-101(Cr) 

Before the loading, the MIL-101(Cr) material was degassed at 120 °C and 2 Torr in a Schlenk tube. The 

tube was cooled down and an excess of vanadium(V) oxytriisopropoxide (VO(OiPr)3) is added (approx. 

4 ml of VO(OiPr)3 to 1 g of the MOF). The stirred slurry in 2 Torr vacuum was slowly heated up avoiding 



bumping until slow reflux started (~50-60 °C). The refluxing was continued for 2 h, followed by rising 

the temperature to 100 °C and slow distilling off the excess of VO(OiPr)3 (the vacuum during distillation 

was precisely in the range of  1-2 Torr; the VO(OiPr)3 recovered by distillation was reused for 

subsequent loadings). After fast removal of VO(OiPr)3 the formed powder was additionally left under 

the same temperature and pressure for 1h and then cooled to r.t. The loaded sample was quickly 

transferred in air to a storage vial and hermetically sealed (1.95 g of VO(OiPr)3@MIL-101(Cr) in a form 

of a light green solid was isolated, which quickly turns yellow upon contact with moist air). Finally, the 

material loaded with vanadium species was controllably hydrolyzed by steaming in the flow of wetted 

nitrogen (flow rate 25 ml/min of gas containing 0.6 vol.% of water vapor) at 120°C for 8 h. 

Materials characterization 

Chemical analysis was performed on the ICP-OES Optima 8000 Optical Emission Spectrometer 

(PerkinElmer) equipped with CCD detector. Meinhard and Scott-type mist chamber was used to 

measure the samples. Particles size and morphology of the synthesized materials was measured by 

scanning electron microscope JEOL JSM-7500F with cold cathode-field emission at voltage of 5 kV in 

secondary electron imaging mode. Crystallinity of the samples was measured by D8-advance 

diffractometer (Bruker AXE, Germany) with Cu Kα radiation (λ= 1.5406 Å). The diffractometer was 

equipped by LynxEye detector, each diffractogram was measured with the step of 0.01° and 

integration time of 15 s per step. Specific surface area and porosity of the materials were estimated 

by N2 adsorption/desorption isotherms measurement performed on ASAP 2020 volumetric apparatus 

(Micromeritics, USA). Prior to measurement, all samples were thoroughly degassed by slow heating 

(heating rate 0.5 °C/min) under turbomolecular pump vacuum up to 220°C and degassed at target 

temperature for 12 h. Surface area was calculated according to both BET methodology for fixed 0.02 

– 0.1 relative pressure (p/p0) interval and Langmuir approach. Pore size distribution was calculated 

from adsorption branch by the nonlocal density functional theory approach by using the “N2@77 K” 

model for cylindrical pores and oxide surface (Microactive data reduction software, Micromeritics). 

Raman spectra were collected by Nicolet DXR2 Raman microscope (Thermo Scientific, USA) equipped 

by Smart excitation laser with wavelength of 785 nm. Spectra were recorded by accumulation of 180 

scans (scan time was 20 s, resolution of 2 cm-1, laser power was 2 mW).  

Catalytic tests 

Catalytic performances of the materials were measured by a Micro-activity Effi microreactor 

(PID Eng&Tech, Spain). Catalyst weight used in tests was 25, 50 mg (and 75 mg for the VOx/ZrO2-10 

sample) and total flow rate of reaction mixture was 6 L/h STP with the O2/EtOH/He = 2.5/5/92.5 molar 

ratio. Reaction was investigated at the temperature range 150-250 °C to avoid thermal decomposition 

of catalyst. The obtained products were monitored by on-line GC instrument (Agilent 7890B). 

Independent blank test with empty reactor proved negligible ethanol conversion (bellow 1%) under 

tested reaction conditions. Conversion of ethanol (X) and selectivity values (Si) towards to the main 

reaction products were calculated according to Sachtler et. al.[63] and supporting info (SI). For 

calculation of TOF and productivity P following equations have been utilized:  


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where 0
EtOHn  denotes the inlet molar flow of ethanol, XEtOH is the ethanol conversion (conversion 

degree equal to 15% was used), SAA is the selectivity towards acetaldehyde, mcat denotes the weight 

of catalyst (interpolated value for XEtOH = 15% from plot X ~ mcat), wV is the mass fraction of vanadium, 

MV is the atomic weight of vanadium (50.94 g mol-1) and MAA is the molar weight of acetaldehyde 

(44.05 g mol-1).  

Values of Ef factor for tested catalysts were calculated based on atomic balances from stoichiometric 

equations using all detected products in reaction mixture. The final expression using selectivity values 

Si and molar masses of detected compounds was: 
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It must be noted that derived Ef represents theoretical value assuming nearly complete consumption 

of ethanol via its recycling and hence only products of the reaction are involved in the Eqn 3. Such 

definition was adopted to be comparable with Ef of the Wacker process operated also with 100% 

conversion of utilized ethene. 

Results and discussion 

Characterization of the catalysts 

Content of vanadium in the as-prepared MOF catalysts was 20.1 wt. % and 12.5 wt.% for MIL-47(V) 

and VOx@MIL-101(Cr), respectively. Chromium content in VOx@MIL-101(Cr) catalyst was 9.3 wt.%. 

SEM micrographs of both MOFs are shown in Fig. 1. VOx@MIL-101(Cr) material (Fig.1A) exhibits 

octahedral crystallites with average 300 nm long edge sizes, whereas MIL-47(V) catalyst has particles 

of cuboidal  shape with the sizes in the range from 0.5 to several micrometer.  

 

Fig. 1 SEM micrographs of VOx@MIL-101(Cr) catalyst (A) and MIL-47(V) catalyst (B) 

A B



 

Fig. 2 PXRD patterns of the investigated MOFs. Left panel: a – simulated pattern of the MIL-101(Cr), 

followed by the experimental patterns of b – MIL-101(Cr), c – VOx@MIL-101(Cr), d - VOx@MIL-101(Cr) 

after ethanol ODH reaction at 250°C for 3 h. Right panel: a – simulated pattern of the MIL-47(VIII) 

material known as ‘MIL-47(V)-as’ [20],  b - simulated pattern of the MIL-47(VIV) material, followed by 

the experimental patterns of the MIL-47(V) catalyst and d - MIL-47(V) catalyst after ethanol ODH 

reaction at 250°C for 3 h. 

 

Fig. 2 shows the powder X-ray diffraction (PXRD) patterns of both types of MOF materials. The XRD 

pattern of the as-prepared MIL-101(Cr) agrees very well with theoretical simulated pattern (shown in 

the figure also). The diffraction pattern of the VOx@MIL-101(Cr) catalyst is almost the same as that of 

the original MIL-101(Cr) support evidencing that introduction of the vanadium oxocomplexes into MIL-

101(Cr) preserves the crystallinity of the matrix. The near perfect match also proves that there are no 

large crystallites outside of the pores are present (the possible nanocrystallites within the pores are 

not supposed to give appreciable diffraction signals due to different species and different possible 

localizations, which precludes long-range order). However, the XRD pattern of the VOx@MIL-101(Cr) 

catalyst after catalytic test in ethane ODH at 250°C for 3 h reveals significant loss of crystallinity, with 

only a fraction of long-range order retained (see pattern d in the left panel of the Fig. 2). The powder 

X-ray diffraction pattern (PXRD) of the as-synthesized MIL-47(V) exhibits intense and sharp diffraction 

peaks evidencing high quality of the crystals. Comparison with simulated patterns of MIL-47 with the 

presence of VIII and VIV clearly shown that the position of the diffraction peaks in the obtained MIL-

47(V) sample fit well with the simulated PXRD pattern of the conventional MIL-47(VIV). It means that 

complete conversion of MIL-47(VIII), known as MIL-47(V)-as, to MIL-47(VIV) took place during the low 

temperature treatment of the solid in dimethylformamide. In addition, it is noteworthy that the after-

catalysis MIL-47(V) catalysts is deteriorated in much lesser extent compared to VOx@MIL-101(Cr). It 

exhibits still sharp diffraction lines, slightly broader than as-synthesized one. There are a few weak 

broad additional peaks, which are localized quite close to the peaks of the MIL-47(VIII) form, which 

suggests that reduction of vanadium could take place (the slight differences in peak positions for these 

observed additional peaks and the peaks of the simulated MIL-47(VIII) could be explained by the fact 

that MIL-47(V) still possess some very minor flexibility, so characteristic to MIL-53(Al) analogue [64]). 
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Table 1 Textural properties of the catalysts 

 
cV SBET SLang Vp 

wt.% m2 g-1 m2 g-1 cm3 g-1 

MIL-101(Cr) - 2439 2720 1.21 

VOx@MIL-101(Cr) 12.5 1258 1530 0.61 

VOx@MIL-101(Cr)-r* 12.4 138 221 0.08 

MIL-47(V) 20.1 681 762 0.30 

MIL-47(V)-r* 20.1 730 856 0.33 

*-r denotes sample after reaction test 

 

The nitrogen adsorption/desorption isotherms of investigated materials and calculated pore size 

distribution curves are presented in Fig. 3 and textural parameters (i.e. BET and Langmuir surface areas 

and total pore volumes) are summarized in Table 1. The isotherm of as-synthesized MIL-101(Cr) 

sample has a shape close to type I isotherm exhibited by microporous materials and features a distinct 

sub-step around relative pressure 0.15 demonstrating presence of pores on the border between 

micro- and mesoporosity. It is also clearly seen from pore size distribution (PSD) curve of this sample 

(Fig. 3 curve a in right panel) exhibiting three distinct peak at 1.9, 2.1 and 2.8 nm. BET-specific surface 

area and total pore volume of the MIL-101(Cr) sample is 2439 m2 g-1 and 1.21 cm3 g-1 in good 

agreement with the textural data previously published in the literature for MIL-101(Cr) materials [40], 

[62] (note, that the fluoride-free MIL-101(Cr) is characterized with slightly lower surface areas 

compared to the conventional synthesis, in which HF is used as additive). Introduction of the vanadium 

oxocomplexes significantly reduce surface area and pore volume of the material (by 50 rel.%) as is 

evident from adsorption isotherm of the VOx@MIL-101(Cr) sample (Fig. 3 b). Interestingly, presence 

of the guest vanadium species influence pore volumes unequally; pores at 2.1 nm almost complete 

disappeared, whereas the largest pores became narrower (PSD peak shifted from 2.8 to 2.6 nm) and 

their volume decreased. On the other hand, the smallest pores (with diameter 1.9 nm) were virtually 

unaffected by the presence of VOx species. VOx@MIL-101(Cr) sample after catalytic tests conducted 

up to 250 °C exhibit low porosity with surface area of only 138 m2 g-1 and total pore volume  0.08 cm3 

g-1. The latter observation indicates that in current form the catalyst is not stabile for prolonged use 

at 250 °C, which is consistent with the drop of selectivity and productivity at temperatures over 200 

°C. It might happen due to redistribution/leaching of vanadium species obturating the pores. 

Adsorption isotherms recorded on MIL-47(V) samples resemble type I shape of the isotherm according 

to IUPAC nomenclature typical for ultra-microporous solids (Fig. 3, line d and e). As-prepared MIL-

47(V) sample exhibits BET-specific surface area of 681 m2 g-1 and total pore volume 0.30 cm3 g-1. 

Sample after reaction exhibits slightly larger BET-specific surface area (730 m2 g-1) and pore volume 

(0.33 cm3 g-1). The increase of the surface area is associated with complete removal of the residual 

adsorbed terephtalic acid from the pores during the catalytic tests. 



 

Fig. 3 N2 adsorption/desorption isotherms of the investigated samples (left panel) and pore size 

distribution curves calculated by NLDFT methodology (right panel). a – MIL-101(Cr), b – VOx@MIL-

101(Cr), c - VOx@MIL-101(Cr)-r, d – MIL-47(V), e - MIL-47(V)-r (the suffix ‘–r’ stands for ‘after catalytic 

tests, i.e. reactions’). 

The Raman spectra (Fig. 4) provide additional information about the structure and the state of 

vanadium species in the composite materials. All Raman spectra exhibit intense bands at 1615 and ca. 

1450 cm-1 ascribed to asymmetric and symmetric –COO stretching vibrations of the terephtalate 

linkers and band at 867 cm-1 assigned usually to the benzene ring–COO group bending vibration mode 

[65, 66]. Besides these characteristic bands of terephtalate linker, the spectra also exhibit bands 

related to presence of vanadium. Intense band at 902 cm-1 observed in the Raman spectrum of the 

MIL-47(V) is caused by VIV=O group’s stretching vibration [67]. The Raman spectrum of the 

intermediary VO(OiPr)3@MIL-101(Cr) exhibits intense band at 910 cm-1 accompanied by a few poorly 

distinguished bands in 1030-920 cm-1 region originating from the triisopropoxide moieties (most likely 

caused by O=V(-O-)n vibration [68]. The Raman spectrum of the VOx@MIL-101(Cr) sample after 

hydrolysis reveals that typical Raman bands of the MIL-101(Cr) support are preserved while the 

spectral features of the triisopropoxide moiety disappeared and new bands located at 1021 and 934 

cm-1 , which are assigned to terminal V=O and bridging V-O-V vibrations [69] respectively, showed up 

in the spectrum. This observation proves that the structure of the MIL-101(Cr) matrix is not damaged 

and complete hydrolysis of the isopropoxides took place. Vanadium species are incorporated in the 

pores of the MIL-101(Cr) in the form of dispersed vanadate species, no bulk vanadium pentoxide 

clusters are present as proven by absence of its characteristic band at 995 cm-1. 
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Fig. 4 Raman spectra of the synthesized samples. a – MIL-47(V), b - MIL-101(Cr), c - VO(OiPr)n@MIL-

101(Cr), d - VOx@MIL-101(Cr) 

 

Catalytic tests 

 

Fig. 5 Catalytic performance of the 25 mg MOF catalysts in ethanol ODH. (A) Conversion of the reactant 

(open symbols, square – ethanol, circle - oxygen) and selectivity toward individual products (full 

symbols, diamond – acetaldehyde, circle – CO2, up triangle – ethene, down triangle – diethylether, 
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square – CO) over VOx@MIL-101(Cr) as a function of the reaction temperature. (B) Ethanol conversion 

and product selectivities as function of the time-on-stream at 200 °C over VOx@MIL-101(Cr). (C) 

Conversion of the reactant and selectivity toward individual products over MIL-47 as a function of the 

reaction temperature. 

Vanadium species anchored on the surface of MIL-101(Cr) support catalyzes the oxidative 

dehydrogenation at temperature as low as 175 °C. The effect of reaction temperature on conversion 

of reactant and product selectivity is reported in the Fig. 5A.  According to the data, at temperatures 

up to 200°C the reaction produces almost exclusively acetaldehyde (more than 98 % of selectivity) 

with traces of diethylether. At higher reaction temperature, reactant conversion steeply increases and 

other products, like ethene and carbon dioxide, occur with aggregate selectivity not exceeding 15% at 

the highest temperature (250°C). At this temperature, oxygen is almost completely consumed and 

ethanol conversion reaches 78%.  It is important to note that conversion of ethanol at 250°C is 

changing in time-on-stream, which is attributed to the partial collapse of the MOF framework as 

documented by PXRD and N2 adsorption isotherm measurements (see Fig. 2 and 3). However, sample 

deactivation was not observed at 200 °C, as is illustrated in the Fig. 5B, where ethanol conversion and 

product selectivity is shown as a function of time on stream at 200°C. It means that VOx@MIL-101(Cr) 

catalyst is able to activate ethanol at temperature as low as 200°C and convert it to acetaldehyde with 

reasonable high rate and excellent selectivity. On the other hand, despite high concentration of 

vanadium in MIL-47(V) MOF, its catalytic activity was negligible. Conversion of ethanol over 25 mg of 

sample did not exceed 2 % even at 250°C and therefore the catalytic data are not displayed in the 

plots. The reason for such low activity is most probably the inaccessibility of active centers and/or too 

high stability of the VIV oxidation state. Selectivity to acetaldehyde was also slightly lower compared 

to VOx@MIL-101(Cr) catalyst (no higher than 96%) and ethylene was produced with selectivity around 

4%, probably due to presence of acidic V-OH sites on the MIL-47(V) surface [66]. Selectivity to ethene 

start to grow at temperature above 200°C, but the values did not exceed 8 %. Gobara et al. reported 

significant activity of MIL-101(Cr) catalyst in dehydration of ethanol to ethene with 26% yield at 300 °C 

and improved yields in the case of M@MIL-101(Cr) composites (where M = Ni, Pt). [70].  

For proper evaluation of functioning of the VOx@MIL-101(Cr) catalyst, it is worth to compare it with 

well-known benchmarks. However, direct comparison of performances of various catalytic systems is 

not straightforward due to application of different reaction conditions, which have strong effect on 

the overall performance. Thus, we are going to compare and discuss the catalytic performance of the 

VOx@MIL-101(Cr) primarily with the VOx/ZrO2 catalytic system, which exhibited very good 

performance at the 200°C, investigated in our group recently under precisely the same conditions. 

Comparative results of catalytic tests in ODH of ethanol at 200°C together with corresponding catalytic 

data for the best performing VOx/ZrO2-5 and VOx/ZrO2-10 catalyst references of similar vanadium 

concentration, which were reported in our recent article [71], are summarized in Table 2. All reported 

data corresponds to the same conversion degree 15% obtained by varying the weight of the catalyst 

samples in the reactor. 

Table 2 Results of catalytic tests at 200 °C compared at iso-conversion degree Xiso = 15%.  

 

Selectivity 
TOF b P c Ef

 d 
C2H4 (C2H5)2O CH3CHO 

% % % h-1 kgAA/kgcat/h kg/kgAA 

VOx/ZrO2-5a 0.3 1.2 98.5 55 1.7 0.425 

VOx/ZrO2-10 a 0.5 2.5 97.0 22 1.2 0.441 

VOx@MIL-101 (Cr) 0.6 1.1 98.3 29 3.0 0.427 



a- the detailed characterization and catalytic performance is described in Ref. [71] 
b- the calculated specific activity is based on Eq. 1 
c- the calculated productivity is based on  Eq. 2 
d- the E-factor value is calculated on the basis of Eq. 3 
 

The main reaction product formed over the VOx@MIL-101(Cr) at 200°C was acetaldehyde, while minor 

amounts of  ethene and diethylether were also formed, but no carbon oxides or acetic acid formation 

were detected. The composition of the products formed over VOx/ZrO2 catalysts under the same 

conditions is very close.   

The specific activity of vanadium oxide species in the VOx@MIL-101(Cr) catalyst expressed by the TOF 

value is roughly half in comparison to best performing zirconia supported VOx catalyst VOx/ZrO2-5. 

Nevertheless this material was close to its optimal vanadium concentration and further increase of 

vanadia content led to decrease of activity for this type of material due to formation of more 

polymerized bulk V2O5-like species [71] as it can be demonstrated on the example of VOx/ZrO2-10 

catalyst which has even lower value of TOF (or more precisely value of the specific activity) than the 

MIL-101 supported VOx catalyst in this contribution. It can note that similar or slightly higher activity 

can be expected for VOx/TiO2 systems, while VOx/SiO2 and VOx/Al2O3 usually exhibit significantly lower 

activity (5-20-times) [72].    

The productivity of catalyst P (in kg of product per kg of catalyst and time unit) belongs to most 

frequently used characteristics for the comparison of the applicability of the catalysts in industry. The 

values of calculated productivity for our set of catalysts clearly indicate that the productivity of the 

VOx@MIL-101(Cr) catalyst is at value ca. 3 kgAA kgcat
-1 h-1 and higher than productivity of both zirconia 

supported samples due to its significantly higher content of VOx catalytic species. Furthermore, the 

calculated VOx surface density for our MIL-101 supported sample is ca. 0.65 V atoms per nm2 area and 

this is below theirs monolayer capacity for the most supporting materials (but it must be stressed that 

monolayer capacity for MOFs makes not much physical sense, because the organic linkers, associated 

with a large part of the surface area, only weakly interact with vanadium oxides and could not be 

viewed as a proper support) [50, 52, 54]. Therefore we believe there is still a room for the 

improvement of the productivity of this type of catalysts. 

The selectivity of catalytic process towards desired product is practically a more important factor than 

the activity of catalyst. All tested catalysts exhibit very high selectivity to acetaldehyde higher than 

98% for both VOx@MIL-101(Cr) and VOx/ZrO2-5. Both observed by-products formed in the reaction 

are yielded by parallel reactions catalyzed concurrently on acid sites as already documented for 

VOx/ZrO2-10 [71]. The impact of the formation of unwanted compounds in the reaction is another 

classification criterion, which should be considered during the catalysts or catalytic processes 

evaluation. The so called E-factor, representing the “weight of waste formed per one kilogram of 

desired product produced”, is frequently used for the characterization and evaluation of this aspect of 

catalytic processes. The values of E-factor calculated for tested set of catalysts using Eq. 3 are 

presented in the Table 2. The theoretical lower limit of the E-factor for the ethanol oxidative 

dehydrogenation assuming 100 % selectivity towards acetaldehyde is 
2H O AAM /M 0.409  kg of waste 

per kg of acetaldehyde for a stoichiometric reaction. All tested catalysts deviate only in the order of 

few percent from this theoretical limit due to their high selectivity discussed in the paragraph above. 

VOx@MIL-101(Cr) catalyst has the value of the E-factor approximately the same as the VOx/ZrO2-5 

catalysts, but in the same time demonstrating  approx. 75% higher productivity. It must be noted that 

simple comparison of the E-factor values for completely different processes can be misleading. 

According to [73], the E-factor for a two stage Wacker process is approximately 0.07 kg of waste per 



kg of acetaldehyde, nevertheless at least 60% of this waste is represented by chlorinated aldehydes 

and alkanes. From this point of view water (more than 95%), ethene and diethylether produced in the 

oxidative dehydrogenation of ethanol offer a much cleaner process.   

 

Conclusions 

In summary, a proof-of-concept study of a MIL-101(Cr) matrix hosting VOx species, inspired by high 

surface area, volume- and sizes of the pores as well as distinct stability of the host among other MOF 

material peers, was conducted. VOx@MIL-101(Cr) catalyst represents promising and interesting 

catalytic system for ethanol conversion to value-added acetaldehyde and is able to compete with 

vanadium catalysts deposited on traditional inorganic supports. At 200°C, VOx@MIL-101(Cr) exhibited 

noteworthy catalytic activity and very high selectivity to the desired acetaldehyde resulting in 3 kgAA 

kgcat
-1 h-1 productivity, which is 75% higher compared to VOx/ZrO2. Raman spectra revealed that inner 

surface of the structural pores of the MIL-101(Cr) MOF is suitable for anchoring and stabilization of 

the vanadyl species. Contrary to VOx@MIL-101(Cr), MIL-47(V) metal organic framework material, 

having ‘constitutional’ vanadium ions in the structure, exhibited very poor catalytic activity, which 

might reflect generally low prospects for precisely this type of materials. Most probably the low 

activity is associated with inaccessibility of active (vanadium) centers and/or too high stability of the 

VIV oxidation state. The observed high activity of VOx@MIL-101(Cr) is very interesting as the absolute 

majority of vanadium catalysts used for similar reactions are strongly bound by a metal-oxide support, 

while the involvement of the latter is viewed as crucial for activation, rationalized e.g. through its 

involvement in the Mars-van Krevelen mechanism. The anchorage of VOx species to the MOF support 

is much weaker and should be sustained by coordination bonding with the chromium oxo/hydroxy 

carboxylate clusters. It was suggested before that individual VOx species, though completely 

impractical due to considerable solubility in water, might be as effective catalysts as their metal-oxide 

supported forms. The presented case opens up an interesting opportunity for investigation of quasi-

isolated VOx species in relatively neutral matrices, their mode of anchorage and alternative 

immobilization methods in a range of modified forms.  
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