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ñThis new force, which was unknown until now, is common to organic and inorganic 

nature. I do not believe that this is a force entirely independent of the electrochemical 

affinities of matter; I believe, on the contrary, that it is only a new manifestation, but 

since we cannot see their connection and mutual dependence, it will be easier to 

designate it by a separate name. I will call this force catalytic force. Similarly, I will 

call the decomposition of bodies by this force catalysis, as one designates the 

decomposition of bodies by chemical affinity analysis.ò 

ð Jöns Jacob Berzelius 

      Translated from 'Some Ideas on a New Force 

Which Acts in Organic Compounds', Annales chimie physiques, 1836 
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Abstract 

Oxidative dehydrogenation (ODH) routes for the catalytic transformation of abundant 

light alkanes to higher value chemicals have the potential to overcome the current 

traditional processes and, in doing so, provide significant economic advantages and 

mitigate environmental concerns. Despite improved energy efficiency prospects, ODH 

based processes are yet to be fully implemented until catalysts with desired 

performance goals can be developed. MoV based mixed metal oxides with M1 phase 

are well known to produce high ethylene (C2H4) yields during ethane (C2H6) ODH at 

moderate reaction temperatures. Improvements of these materials have been limited by 

insufficient molecular level understandings of the nature of active sites and mechanistic 

origins of high selectivity. This experimental work examines the role of the micropores 

of these M1 phase oxides in controlling activity and selectivity.  These micropores have 

similar sizes (0.4 nm) to C2H6, which hints at a well-matched fit that permits C2H6 

access to active sites within the pores while cyclohexane (C6H12) remains restricted by 

size (0.6 nm) to external surface sites. Microporous MoVTeNbO and MoVO show 

significantly larger C2H6 to C6H12 rate ratios than non-microporous vanadium oxides 

(VOx/SiO2), which indicates that nearly all C2H6 turnovers during ODH occur within 

the micropores. Activation enthalpy differences between C2H6 and C6H12 on both 

MoVTeNbO and MoVO is observed to be lower than that on VOx/SiO2, which, in both 

MoV based oxides, is less reflective of the significant C-H bond strengths differences 

and more indicative of stabilization of C-H activations within micropores through van 

der Waals interactions. The trends of observed product selectivities during C2H6 and 

C6H12 oxidations suggest that VOx/SiO2 and external surfaces of MoVTeNbO and 

MoVO provide similar relative preferences for C-H activation and O-insertion 

products, but the micropores in the latter oxides selectively promote C-H activation 

products. These experimental observations have been corroborated by density 

functional theory (DFT) studies which show that micropores stabilize desired C-H 

activation transition states and destabilize O-insertion reactions by steric hindrance to 

proximate C-O contact within the tightly confining concave pore walls. These detailed 

molecular level understandings provide important guidance to the development of 

improved selective oxidation catalysts for desired transformations that are limited by 

more favored but undesired reaction pathways.  
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1. Introduction  

 

1.1 Motivation 

The recent shale gas boom has led to the increased production of light alkanesðmostly 

methane (CH4), ethane (C2H6), and propane (C3H8)ðin addition to an elevated flaring 

of the excess natural gas produced. Efficient and selective conversions of these carbon 

sources to useful chemicals and fuels through catalytic means are highly desired and 

could provide significant benefits to the chemical industry because of economic 

advantages and simultaneously alleviate environmental concerns.1 Ethylene (C2H4), 

one of the most important industrial chemical feedstock, is currently produced mostly 

through steam cracking of naphtha or C2H6 and to a lesser extent through fluid-

catalytic-cracking and trial catalytic dehydrogenation means as a result of the present 

superior economics of the steam cracking process.2-3  

 Oxidative dehydrogenation (ODH) of light alkanes, in contrast to endothermic 

cracking and dehydrogenation processes, provides an overall exothermic and energy-

efficient route to the production of the corresponding alkenes.4 Although ODH based 

processes provide improved energy efficiency and process simplicity, these incentives 

are yet to fully convince the major companies to switch over from the industry standard 

of steam cracking to ODH processes until better yields can be achieved.2 Current 

minimum performance goals of 95% selectivity to C2H4 at greater than 60% conversion 

of C2H6 are suggested to be attainable by ODH processes to compete with the traditional 

steam cracking.1  

1.2 Background 

Oxidative Dehydrogenation of ethane, most commonly, involves the activation and 

subsequent reaction of the C2H6 and oxygen (O2) reactants on reducible metal oxides 
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catalysts in a reduction-oxidation (redox) fashion  that typically produces C2H4 in 

desirable primary C-H activation steps, and COx (x=1,2) in undesired secondary 

sequential or parallel oxygen (O)-insertion routes (Scheme 1), with water (H2O) as a 

byproduct.4 Typical to metal oxide catalysts, selectivity at higher conversions is limited 

by the facile sequential oxidations of the desired products to COx.
5 

 

 

 

 

 

Scheme 1: Parallel and Sequential Routes in the Oxidative Dehydrogenation (ODH) of 

Ethane. k1, k2, and k3 represent the pseudo-first order rate constants for C2H6 ODH, 

C2H6 combustion, and C2H4 combustion, respectively. 

 

 Of all the available C2H6 ODH catalysts, the orthorhombic M1 phase of mixed 

metal oxides of Mo, V, Te, and Nb has been shown to be the most selective to C2H4 at 

moderate reaction temperatures of 573-773 K.6 Recent synthesis efforts succeeded in 

preparing M1 phase orthorhombic mixed metal oxides consisting of Mo and V only, 

which have also shown the same exceptionally high selectivity to C2H4.
7 The M1 phase 

of both the MoVTeNb and MoV oxides consists of layers of linked octahedral units of 

MO6 (M=Mo, V) stacked along the [001] direction which forms pentagonal, hexagonal 

and heptagonal channels that can act as one-dimensional micropores in these layered 

solids.7-8 The pentagonal and hexagonal pores are usually occupied by cations while 

the heptagonal pores stay partially open and could be accessible to small reactants.7 The 

M1 phase of these MoV based catalysts have also been shown to be active and selective 

for the (amm)oxidation of propane to acrylonitrile or to acrylic acid and the oxidative 

dehydrogenation of propane.6, 9-10   
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 The high activity of the MoVTeNb oxide catalyst has frequently been attributed 

to the (001) plane in the M1 crystal structure, 11-16 or the combination of specific crystal 

surface facets.17 Within these (001) planes, V-oxo moieties were considered to be active 

sites.14, 16 In addition, more reactive sites composed of Te-oxo species and generated 

surface O-radicals have also been proposed.18-19 On the other hand, the high selectivity 

of these M1 phase oxides, has been generally attributed to ñsite isolation,ò which 

proposes that the active V sites spatially separated from each other prevent the over-

oxidation of products on these sites.20-21 The specific details on how these isolated sites 

selectively activate C-H bonds in alkanes and how over-oxidation of the alkene 

products on other isolated sites remain hypothetical. Common to most these, the 

identified activities and selectivity are proposed to occur on the external sites of the M1 

phase MoVTeNb oxide.  

 Although, the presence of identical pores in M1 phase MoVTeNb and MoV 

oxides has been established through atomic-resolution microscopy,10, 22 and the 

activation of C2H6 within micropores on the latter material has been proposed,7, 23 the 

relevance of micropores to catalytic turnovers in the former has not been effectively 

studied. These pores possess diameters similar to kinetic diameter of C2H6 (0.4 nm)7, 24 

which can access them as determined by adsorption measurements. 7, 23, 25 In addition, 

the specific origin of the high selectivity to C2H4 during C2H6 ODH observed in these 

MoV based catalysts has not been addressed properly. 

 The role of pores in tuning reactivity and selectivity through steric restrictions 

on microporous zeolite materials has been identified,26 and similar effects have been 

observed through the deposition of porous layers on existing non-porous metal oxides. 

27 In bulk transition metal oxides, the specific role of micropores in selective oxidation 

reactions of alkanes is yet to be fully identified.  
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1.3 Goal 

Within the past year, work done in the Deshlahra Lab has utilized well designed probe 

experiments and appropriate computational simulations to effectively demonstrate the 

influence of micropores of MoVTeNb oxide on the selective ODH of C2H6 to C2H4.
28 

In this very recent work, we demonstrated, experimentally and computationally, that 

micropores selectively catalyze such reactions through stabilization of desirable C-H 

activation transition states and restriction of undesirable O-insertion steps.  

 Here, in this current work, insights used from our previous studies are used to 

reproduce the earlier observed catalytic effect of micropores of MoVTeNb oxide in 

addition to elucidating a similar role of heptagonal micropores in MoV oxide, another 

microporous M1 phase oxide. Experimentally derived rates for C2H6 and cyclohexane 

(C6H12) oxidative dehydrogenations on microporous MoVTeNbO and MoVO, as well 

as on different loadings of non-microporous VOx/SiO2, are used to further confirm the 

proposed role of micropores of molecular dimensions during selective alkane 

conversions. The bulky size of C6H12 relative to C2H6 restricts its reactions to external 

surface of micropores, which are accessible by and responsible for most of the catalytic 

turnover of the latter, as indicated by the measured C2H6/C6H12 activation rate ratios 

that are about two orders of magnitude higher on both MoV based oxides than the ratios 

on non-microporous supported VOx.  

 We also show the dependence of C2H6 ODH turnover rates on micropore 

volume as well as C6H12 reactions on external surface areas. In addition, in this work, 

we utilize relatively simpler and optimized experiments to determine apparent 

activation energies which when combined with product selectivity measurements, 

reinforces our theory that tight confinement of C2H6 within micropores stabilize C-H 
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activations via van der Waals interactions, but destabilize undesired O-insertion 

reactions through steric hindrance to close C-O contact within concave pore walls. 
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2. Experimental 

2.1 Synthesis of Metal Oxides 

Synthesis of bulk MoVTeNb and MoV oxides 

The M1 phase MoVTeNb oxide (MoVTeNbO) was prepared using hydrothermal 

methods reported in literature.29 All metal precursors were purchased from Sigma-

Aldrich and used without further purification. MoVTeNbO was synthesized by first 

dissolving ammonium molybdate tetrahydrate (NH4)6Mo7O24 (52 mmol Mo in 67 ml 

H2O)) at 353 K. Then vanadyl sulfate VOSO4 (13 mmol V) and telluric acid Te(OH)6 

(12 mmol Te) were added to this solution under continuous stirring. Following this, the 

solution was cooled down to 313 K and dissolved ammonium niobate oxalate hydrate 

(NH4)[NbO(C2O4)2(H2O)2] ẗ3H2O (6.5 mmol Nb in 33 ml H2O) was added which led 

to an intial reaction mixture composition of 1:0.25:0.23:0.12 Mo:V:Te:Nb molar ratios. 

Nitrogen gas (Airgas, 99.99%) was bubbled to displace air for 5 minutes, and then this 

solution was then transferred to a 200 ml Teflon vessel contained within a stainless-

steel autoclave and treated hydrothermally at 403K for 96 h in a preheated muffle 

furnace (Thermo Fisher). The obtained suspension was washed with deionized water, 

filtered and dried overnight in air in an oven maintained at 353 K for 16 h. 

Subsequently, the dried solids were heat treated in flowing He (50 ml min-1 Airgas, 

99.999%) in a tube furnace ramped to 873 K at 0.083 K s-1 and held for 2 h.   

 The M1 phase of MoV oxide (MoVO) was prepared using a similar 

hydrothermal synthesis method as the MoVTeNbO earlier described and based on 

methods already reported.30  To synthesize this orthorhombic MoVO, an aqueous 

solution of vanadyl sulfate VOSO4 (0.05 mol L-1) was added dropwise at ambient 

temperatue to a stirred aqueous solution of ammonium molybdate tetrahydrate 

(NH4)6Mo7O24 (0.2 mol L-1). The initial reaction mixture contained Mo:V in a ratio of 
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4:1. Similar reaction and separation steps as MoVTeNb were carried out, except that 

the hydrothermal reaction occured at 348 K for 48 h. An additonal important 

purification step involving the dispersion of dried solids in oxalic acid (10 mmol L-1) at 

32 8K for 0.5 h was carried out with subsequent filtration, washing and overnight drying 

at 348 K. The dried solids were ground in a mortar and heat treated in a tube furnace 

ramped to 673 K at 0.167 K s-1 and held for 2 h.   

Synthesis of silica supported vanadium oxides and bulk vanadia  

Low weight loadings (1.5, 6.5, and 11 wt.%) of vanadium oxide supported on inert SiO2 

(VOx/SiO2) were prepared using standard incipient wet impregnation techniques found 

in literature.31 All metal precursors were purchased from Sigma-Aldrich and used 

without further purification. The specific weights of the metal precursors used can be 

found in Table 1. A mixture of ammonium metavanadate NH4VO3 (1.96g; 99%) was 

dissolved in distilled water (1.5 ml) and added dropwise to nitric acid washed silica (2 

g; Sigma-Aldrich Davisil Grade 633, ² 99%, 480 m2 g-1, 0.75 cm3g-1). Then drying and 

calcination steps were carried out to obtain the solid catalyst.  

 A much higher loading (41 wt.%) of VOx/SiO2 was prepared using wet 

impregnation techniques. The vanadia precursor, ammonium metavanadate NH4VO3 

(1.96g; 99%) was added to a stirred solution of oxalic acid (2.94 g; Sigma Aldrich, ² 

99%) dissolved in deionized water (196 ml) at ambient temperature. Nitric acid washed 

SiO2 powder (2.5 g; Sigma-Aldrich Davisil Grade 633, ² 99%, 480 m2 g-1) was added 

to the solution and the resulting mixture stirred at 373 K for 0.5 h to form a slurry that 

was dried overnight at 373 K in an oven and treated in flowing air (50 ml min-1) in a 

tube furnace ramped to 873K at 0.083 K s-1 and held for 6h.  
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 Bulk oxides of vanadia were synthesized using thermal decomposition of the 

NH4VO3 metal precursor (5g; 99%) in air at 773 K for 3h.32  

Table 1. Weights of metal precursors used for the synthesis of loadings of VOx/SiO2 

Mass of ammonium 

metavanadate NH4VO3 

(mg) 

Mass of Oxalic 

acid (mg) 

Vanadia (VOx) wt. 

% from ICP-AES 

Theoretical surface 

densities V/nm2 

45.4 70.5 1.5 0.21 

229.9 354.4 6.5 0.96 

461.4 709.2 11 1.71 

1960 2940 41 9.40 

2.2 Catalyst Characterization 

The MoVTeNbO catalyst obtained were characterized using powder X-ray diffraction 

(XRD) measurements performed on a Rigaku SmartLab diffractometer using 

monochromatic Cu KŬ radiation (1.542 ¡ wavelength) and scans of 0.05 ̄step sizes. 

An inductively coupled plasma atomic emission spectrometer (ICP-AES, Leeman labs 

PS-1000) was used to determine the elemental compositions of the catalysts. Scanning 

electron microscopy (SEM) images recorded using a Zeiss Ultra 55 SEM microscope 

with an acceleration voltage of 5 kV were used to inspect the morphology of the 

MoVTeNb oxide. Bright field micrographs and high-resolution images of MoVTeNbO 

were obtained using a JEOL T20 transmission electron microscope (TEM). The surface 

area of both MoV(TeNb) oxide catalysts was determined from volumetric N2 

physisorption isotherms obtained at 77 K using a Quantachrome Autosorb iQ2 

apparatus after degassing the pretreating the samples in flowing He at 573 K for 3 h. 

The adsorption isotherm measured in the range of 0.05ï0.35 was analyzed with the 

Brunauer-Emmett-Teller (BET) theory33 to determine external surface area of manually 

ground MoVO and MoVTeNbO catalysts. The total micropore volume was determined 

using analysis based on adsorption at the low relative partial pressure (P/P0) of 0.002.34 
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2.3 Measurements of Rate and product selectivity during ODH reactions 

Finely ground catalyst samples were used with or without dilution with acid washed 

SiO2 and pelleted to retain 106ï180 ɛm aggregates (intrapellet SiO2/catalyst = 2) that 

were held as vertical fixed beds (Scheme 2) on a porous quartz frit within a U-shaped 

quartz tube (1.0 cm I.D.). These samples (0.005ï0.7 g) were preheated to reaction 

temperatures (588ï733 K) in flowing He (Airgas, 99.999%) at 0.25 K s-1 and held at 

constant reaction temperatures using a resistive furnace (National Element) prior to the 

introduction of reactant mixtures. Temperatures were measured using a K-type 

thermocouple (Omega) placed within a dimple on the quartz reactor wall and controlled 

electronically (Watlow, EZ-ZONE). The gaseous reactants (Airgas 25% C2H6/He; 3 

kPa and 25% O2/He; 3 kPa) and diluent He (Airgas, 99.999%) were metered by 

electronic mass flow controllers (Porter 601 CV series II) and C6H12 (99.9%, Sigma-

Aldrich; 0.5 or 3 kPa) was introduced and vaporized into the O2/He streams using a 

liquid syringe pump (Cole Parmer, Model 100). All process transfer lines were kept 

above 363 K to avoid condensation of reactants or products.  

 The concentrations of reactor effluents were measured by an online gas 

chromatograph (Agilent 7890B) using capillary columns HP-PLOT Q (30 mm × 0.32 

mm × 20.00 µm) or HP-1MS (30 mm × 0.32 mm × 1.00 µm) to separate C2H6 or C6H12 

and their oxidation products, respectively, both of which are connected to a flame 

ionization detector. A simultaneous injection is also made into a carboxen-1000 packed 

column (10ô, 1/8ò tube, 60/80 mesh) used to separate CO, CO2, O2 and HCHO for 

analysis with a connected thermal conductivity detector. C2H4, CH3CHO, CO and CO2 

were the only products detected for C2H6 ODH. Cyclohexene (C6H10), adipic acid 

(C6H10O4), cyclohexanone (C6H10O), cyclohexenol (C6H10O), benzene (C6H6), CO and 
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CO2 were detected for C6H12 ODH. Conversions and selectivity are reported on a 

carbon basis. 

 During single condition experiments, the mass of catalyst was varied with 

constant reactant flow rates (30 cm3 min-1) to keep conversions within the differential 

range (<10%). The oxidative dehydrogenation turnover rates are reported as the moles 

of C2H6 or C6H12 molecules converted per mole of V in catalyst per second. Significant 

homogeneous C-H activations were ruled out through blank reactor measurements at 

highest temperature and pressures representative of kinetic measurements which gave 

negligible conversions for C2H6 (< 0.01%, 733 K, 3kPa C2H6, 3kPa O2 30 cm3 min-1) 

and C6H12 (< 0.1%, 648 K, 3kPa C2H6, 3kPa O2 30 cm3 min-1). Similar measurements 

were carried out on silica packed reactors which showed negligible effects of support 

on the observed ODH turnover rates (<0.25%, 733 K, 3kPa C2H6, 3kPa O2 30 cm3 min-

1, 0.26g SiO2) 

 Observed ODH rates on all supported as well as bulk VOx decreased 

continuously with time on stream (7-12% and 2-30% decrease for C2H6 at 648 K and 

C6H12 at 648 K during the initial 1 h; Fig. A1(a)). Initial rates on these catalysts were 

obtained by extrapolating observed rates gotten within the first hour to zero time on 

stream to account for catalyst deactivation. In contrast, measured rates on MoVTeNbO 

and MoVO samples exhibited an initial increase for C2H6, as reported in literature,25 

and initial decrease for C6H12, but were more stable than VOx/SiO2 at longer times. 

Thus, these initial rates were obtained by averaging the observed stabilized rates which 

usually occurred after the first 30 mins of catalyst on reactant stream. The observed 

time dependent decrease rates on VOx/SiO2 are possibly due to the agglomeration of 

VOx domains as these were less severe for the higher loadings (11, 41 and 100wt.%).  
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 The absence of external mass transfer was confirmed through space velocity 

experiments which did not show any significant change in rate beyond that observed 

from product inhibition or reactant depletion in the assumed differential mode. Intra-

pellet dilutions of the MoVTeNbO, MoVO and 41wt.% VOx/SiO2 catalyst (Fig. A2) 

showed that the rates were independent of dilution beyond the batch variations in 

MoVTeNbO grinding and pressing procedures (<20%) potentially caused by 

unsystematic changes to crystallite sizes and pore blocking. Our previous work28 has 

also demonstrated that C2H6 translations within the micropores are relatively 

unhindered. The barriers for such translations are much smaller (<10 kJ mol-1) than C-

H activation barriers referenced to the same adsorbed intermediate (172 kJ mol-1).28 In 

addition to these results, the independence of C2H6 ODH rates to varying crystallite 

sizes reported earlier7 strongly suggest that we can rule out any intrapellet 

concentrations or temperature gradients and that the local concentrations and 

temperatures in the catalyst bed are similar to those of the surrounding fluid phase. 

Thus, the measured rates reported in this work are free of transport artifacts and reflect 

the intrinsic chemical reaction rates from true kinetic limitations on reactant activations. 

 

Scheme 2: Different scales of transport phenomena within our catalyst bed 

 



12 
 

3. Results and Discussion 

3.1 Characterization of MoVTeNbO, MoVO and VOx/SiO2 

Elemental composition 

The composition of MoVTeNbO through ICP corresponds to Mo1V0.28Te0.18Nb0.25 

stoichiometry, with significantly higher Te content than that used in our earlier study,28 

as a result of the longer synthesis time and lower synthesis temperature which facilitates 

the incorporation of Te in solution into the bulk oxide structure (Table A1). The absence 

of Te and Nb in the MoVO structure led to the reduced variability in reported elemental 

compositions of this oxide and thus the composition of MoVO used in this work was 

based off those and determined to be Mo3V.7-8, 23-25, 34  The specific loadings and 

theoretical surface densities of the VOx/SiO2 samples determined through ICP are 

summarized in Table 1.  

Crystalline phase identification 

The XRD patterns of MoVTeNbO and MoVO samples both showed an intense peak at 

a 2ɗ value of 22.1 ̄ (Fig. A3), with a d-spacing of 0.4 nm which corresponds to the 

distance between (001) planes in the M1 phase. Other possible minority phases (M2 

and tetragonal M5O14) were not detected in our samples.11  

Crystal morphology detection 

The morphological structure of manually ground MoVTeNbO samples as observed 

through SEM, show plate and rod like structures characteristic of these materials (Fig. 

1b). A similar morphology was observed on MoVO (Fig. 1a). High-resolution electron 

microscopy of the crystals through TEM also support that these materials are composed 

of the M1 phase. Though not explored in this work, more detailed atomic resolution 

investigations on similar materials through HAADF-STEM21, 30, 35 and ABF-STEM,8 
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confirm the M1 phase as well as show the presence of heptagonal channels which could 

be partially occupied by metal cations.   

 

Figure 1: SEM Image for ground (a) MoVO (b) MoVTeNbO samples 

 

Surface area and micropore volume quantification 

 The results from N2 physisorption experiments on MoVTeNb and MoVO are 

shown in Figure 2. These adsorption isotherms showed a steep N2 uptake at relative 

pressures (P/P0) below 10-4 which reveals microporosity in these materials.  

 

Figure 2: N2 adsorption isotherm for the (a) entire P/P0 range (b) low P/P0 range at 77 

K for ground MoVO and MoVTeNbO samples. 

The micropore volume, Vmicro, was calculated using the following equation: 

 ὠ   (1) 

 

Vgas : N2 uptake at 0.002 P/P0 (at STP) 

T and P: standard temperature (298 K) and pressure (1 atm) 

” : density of liquid nitrogen (0.807 g cm-3)   
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M : molecular weight of liquid nitrogen 28 g mol-1  

The relevant micropore volumes, micropore wall areas, and external surface areas are 

shown in Table 2 (Area calculations shown in Appendix). The pore diameter has 

already been established to be about 0.4 nm.7, 34   

Table 2: Micropore volumes, micropore wall areas and external surface area obtained 

by analyzing N2 physisorption data on MoVTeNbO and MoVO 

Catalyst Micropore volume 

(10-3 cm3 g-1) 

Micropore wall area 

(m2 g-1) 

External Surface 

Area (m2 g-1) 

MoVTeNbO 1.58 15.7 11.8 

MoVO 6.71 67.1 33.6 

 The measured micro pore volumes of MoV are similar to reported values,30 but 

are about an order of magnitude different from theoretical values calculated for ethane 

adsorption.7  These could be attributed to the loss of pore volume from dislocation of 

(001) plane during grinding or the partial occupation of metal cations within these 

pores. The micropore volume, as well as wall area, is about 5 times greater on MoVO 

when compared to MoVTeNbO, and this suggests that there is less occupancy of the 

pores by metal cations in the case of the former. In addition, the micropore wall areas 

are observed to be slightly higher than the corresponding external surface area, but 

remain within the same order of magnitude. These differences in micropore volumes 

and external surface areas between both MoV based oxides may have significant 

impacts to the reactivity of these samples during alkane ODH reactions. 

 Next, we utilize measured C2H6/C6H12 rate ratios to estimate the relative 

contributions of these internal micropores and external surfaces to C2H6 ODH 

3.2 Measured C2H6/C6H12 rate ratios on VOx/SiO2, MoVTeNbO and MoVO 

Rate Ratios on 41 wt.% VOx/SiO2 and MoV based oxides 

Activation of C-H bonds in alkanes by lattice O-atoms on metal oxides surfaces (MO*) 

is the rate limiting step in these typical alkane reactions.36 This H-abstraction step which 
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leaves behind reduced centers of oxygen vacancies (M*) or surface O-H groups 

(MOH*) is coupled to a fast and kinetically-irrelevant re-oxidation of these centers by 

gas phase O2.  The C2H6 and C6H12 ODH rates are measured on microporous 

MoVTeNbO and MoVO as well as non-microporous VOx/SiO2 (41 wt.%). The latter 

has accessible O-atoms on their surfaces that are equally accessible to both C2H6 and 

C6H12 molecules and thus do not provide any form of size restriction on these reactants. 

In contrast, on both MoV based catalysts, the heptagonal micropores may permit access 

to C2H6 molecules of similar kinetic diameter as their pore size (0.40 nm),24 while 

restricting C6H12 reactions to external surfaces on the basis of their larger kinetic 

diameter (0.6 nm)37. The accessibility of these external and internal sites is illustrated 

in Scheme 3. 

 

Scheme 3. (a) Kinetic diameters of reactants,24,37 and accessibility of surface catalytic 

O-sites to C2H6 and C6H12 reactants on (b) VOx/SiO2, and (c) MoVTeNbO or MoVO.  

 On VOx/SiO2, the ratio of the measured C2H6 and C6H12 ODH rates represent 

the ratio of the C-H activation rates on the external sites present on this catalyst and are 

represented as (ὶ /ὶ ): 

 
Ⱦ

 (2) 

This representation of  ὶ /ὶ  on VOx/SiO2 cancels out any uncertainties arising 

from the quantification of catalytically active sites by providing the same sites to both 

C2H6 and C6H12 which have similar rate determining C-H activation steps. Thus, these 

values represent the relative difference in Gibbs free energies of these rate limiting steps 
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at identical active O-sites, and this depends on the nature, number and relative strength 

of the weakest C-H bonds in this molecule.5, 36 

 In both microporous MoVTeNbO and MoVO catalyst, the experimentally 

determined rate ratios will reflect an additional contribution (ὶ ) from internal pore 

sites which are accessible to only C2H6: 

 
  

  
 (3) 

 

The measured rate ratios all three catalysts are shown in Figure 3. The C2H6 and C6H12 

turnover rates were measured at identical low conversions <8% (30 cm3 min-1, 3 kPa 

C2H6 or C6H12, 3 kPa O2, 648 K) which represent rates that are independent of any 

significant product inhibition or reactant depletion and are devoid of any transport 

limitations as indicated earlier. 

 

Figure 3: Measured C2H6/C6H12 rate ratios on 41wt.% VOx/SiO2, MoVO and 

MoVTeNbO (648 K, 3 kPa C2H6 or C6H12, 3 kPa O2, 30 cm3 min-1; Respective C2H6 

conversions: 0.9%, 5% and 1.3%; Respective C6H12 conversions 8%, 5% and 3%). 
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 The observed rate ratios are much smaller on VOx/SiO2 than on both MoV based 

oxides. The low ὶ /ὶ  value (0.008) on VOx/SiO2 which is significantly lower 

than unity is because of the significant difference in bond strengths between C2H6 and 

C6H12 (DFT derived bond dissociation enthalpy, BDE, 422 and 408 kJ mol-1 

respectively; Appendix, Table A3). The stronger C-H bond in C2H6 relative to C6H12 

reflects its lower rate of activation.  

 On both MoVO and MoVTeNbO, however, the ὶ /ὶ  ratio is observed to 

be much closer to unity (1.21 and 0.507 respectively) despite the significant difference 

in bond strengths between C2H6 and C6H12. These ratios are about 150 and 65 times 

larger on MoVO and MoVTeNbO respectively, relative to VOx/SiO2, which suggests 

that the ὶ  term in Equation 3 has two orders of magnitude greater contribution to 

the rate ratios than the ratios on only external surface that result from C-H bond strength 

differences. Therefore, the heptagonal micropores are responsible for most of C2H6 

turnovers during ODH reactions. 

 These rate ratios obtained for MoVTeNbO are similar to those obtained in our 

earlier work which had MoVTeNbO with lower Te content (Table A1). When combined 

with our high rate ratio observed on MoVO, these suggest that Te atoms that partially 

occupy (Scheme A1) the micropores in MoVTeNbO, do not significantly affect the role 

of heptagonal pores in C2H6 turnovers.  

Effect of VOx surface density on Rate Ratios measured on VOx/SiO2  

The 41wt.% VOx/SiO2 samples used in the previous section represent high V loadings 

(9.4 V/nm2; Table 1) on the surface of the silica support and there are reports of different 

natures of surface active VOx species present at different weight loadings.32, 38 

Irrespective of the loading weight percent, the active sites on these non-microporous 



18 
 

catalysts remain accessible to both C2H6 and C6H12 and as such are regarded as external 

sites. Therefore, as stated earlier, representation of ὶ /ὶ  on different loadings of 

VOx/SiO2 (Eq. 2) cancels out any uncertainties arising from the quantification of 

catalytically active sites that are accessible to both reactants. Figure 4 shows the 

additional observed rate ratios on 1.5, 6.5, 11 wt.% loadings of VOx on SiO2 as well as 

on bulk unsupported V2O5. (Measured ODH rates on these loadings shown in Fig. A1.) 

 

Figure 4: Measured C2H6/C6H12 rate ratios on 1.5, 6.5, 11, 41wt% VOx/SiO2 and bulk 

V2O5, (648 K, 3 kPa C2H6 or C6H12, 3 kPa O2, 30 cm3 min-1; Respective conversions 

C2H6: 0.04, 0.14, 0.53, 0.92, 0.47 %; C6H12: conversions 4, 5, 5, 8, 5 %). 

 These rate ratios on samples with different loadings of VOx show values that 

are all much less than unity (0.005ī0.011), which is consistent with the expected effect 

of stronger C-H bonds in C2H6 than in C6H12. The slightly higher values of these ratios  

on the samples with higher weight loadings (41 wt.% and 100 wt.%) than the samples 

with lower weight loadings  potentially represent the different nature of active species 

reported on these weight loadings.32 As the weight loadings increase,  the surface 

densities of monovanadate (O=Vī(O)x) tend to decrease and those of polyvanadate 
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species (O=VīOīV=O) species and small V2O5 crystallites increase. Of these, the 

polyvanadate and V2O5 species are known to be more active for abstracting H-atoms 

from alkanes to form more stable surface OH bonds than monovanadate species.32 The 

stronger hydrogen abstractors exhibit weaker discrimination between activation 

energies in C-H bonds of different strengths (C2H6 and C6H12), leading to higher rate 

ratios. These changes in bond-strength discrimination arise from changes to lateness of 

transition states predicted by Hammondôs postulate39  (Scheme 4).5 According to this 

postulate, transition states for more exothermic reactions appear earlier along the 

reaction coordinate; the earlier transition states elongate the C-H bonds to lesser extents, 

which leads to lesser bond-strength discrimination. Nonetheless, these effects play only 

a minor role in measured rate rations because even the highest measured rate ratios on 

VOx samples are much less than unity, which further confirms that the ratios near unity 

measured on microporous oxides must arise from the micropores. 

 

Scheme 4: Relative C-H activation transition states shown as overlaps of the parabolic 

potential energy surfaces of C-H bond dissociation and MO*-H bond formation. 

Stronger hydrogen abstractors (more negative H-atom addition energies (HAE)) and 

stronger C-H bonds (less positive bond dissociation energies (BDE)) are lower on this 

energy diagram. Stronger H-abstractors exhibit an earlier transition state which leads 

to lesser discrimination between C-H bonds of different strengths. 
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 Thus, the difference in H-abstraction by active species cannot account for the 

observed high rate ratios in MoVTeNbO and MoVO which further suggests that most 

of C2H6 is activated within the pores during ODH. 

Effects of micropore wall areas and external surface areas on rates measured on 

MoVTeNb and MoV oxides 

Through the measured ODH rate ratios on MoVTeNbO, MoVO and VOx/SiO2, the 

relative magnitude of C2H6 turnover within micropores and C6H12 turnover on external 

surfaces of both MoV based oxides has been established. It is observed that the C2H6 

turnover rates are about 30 times larger on MoVO when compared to MoVTeNbO; 

similarly, the C6H12 turnovers are about 13 times faster on MoVO relative to 

MoVTeNbO (Fig. 5)  

 

Figure 5: Measured relative C2H6 and C6H12 ODH turnover rates on MoVO and 

MoVTeNbO (648 K, 3 kPa C2H6 or C6H12, 3 kPa O2, 30 cm3 min-1; Respective C2H6 

conversions: 5% and 1.3%; Respective C6H12 conversions: 5% and 3%). 

 

 The relative magnitude between these rates could arise from uncertainties in 

quantifying the number of available catalytic active sites. Therefore, a ratio of rate ratios 
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will ensure that there is no specific need for such active site quantification. This relative 

ὶ /ὶ  ratio between MoVO and MoVTeNbO is expected to be similar to the 

relative micropore wall area (W.A.) to external surface area (S.A.) on both catalysts 

(Table 2): 

                                            (4) 

The relative rate ratio (2.4) obtained is very similar in magnitude to the relative W.A. 

to S.A. ratio for both catalysts (1.5) which further confirms that C2H6 are activated 

within the pores while C6H12 are restricted to external surfaces. 

3.3 Elementary steps in oxidative conversion of C2H6 and C6H12 

The oxidative conversion of C2H6 and C6H12 on metal oxides typically form primary 

and secondary products as depicted in Scheme 5. A rate limiting C-H activation 

produces alkyl radicals that undergo rapid second C-H activations to form alkenes as 

ODH products. Parallel and sequential O-insertion reactions in the alkyl radicals and 

alkenes, ultimately form CO or CO2.
38 

 

Scheme 5.  Primary and secondary products formed in oxidative conversion of (a) C2H6 

and (b) C6H12. 

 More detailed elementary steps for C2H6 ODH on metal oxides is shown in 

Scheme 4. These steps occur as typical Mars van Krevelen redox catalytic cycles.40 The 

details of these steps have been described in our earlier work28. The cycle starts with 

the quasi-equilibrated adsorption of C2H6 in reactor feed or H2O product on lattice O-

atoms (MO*). The adsorbed C2H6 undergoes an irreversible C-H activation at an O-
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atom to form a ÅC2H5 radical as well as surface OH species (MOH*). A second C-H 

activation of the latter radical forms C2H4 and as well as a second O-H pair 

(OH/MOH*). The first C-H activation remains kinetically relevant and the subsequent 

desorption of C2H4 and H2O coupled with the sequence of irreversible re-oxidations of 

the reduced metal sites (M*) by O2(g) complete the catalytic turnover. These steps as 

shown in Scheme 4 lead to an equation that describes the C2H6 ODH turnover rate per 

active metal center (M) as a function of the reactant and product pressures.28 

 

Scheme 6.  Proposed elementary steps for C2H6 ODH at redox sites on both MoV based 

oxides and VOx/SiO2. M represents a metal center, which is interpreted as a V atom in 

both catalysts. 

 

 
 

 (5) 

The denominator terms represent the ratio of concentrations of lattice oxygen (MO*), 

adsorbed ethane reactant (MO*-C2H6), adsorbed water product (MO*-H2O), O-

vacancies (M*), and surface hydroxyl species (OH/MOH*), in their respective order of 

appearance in the equation. The k and K values represent rate and equilibrium constants 

for the steps shown in Scheme 6. A very similar equation based on analogous 

elementary steps can be written for C6H12 ODH through replacing C2H6 with C6H12 as 
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well as adding an additional term ὑ ὖ  in denominator to account for the 

possible adsorption of C6H12 oxygenates at lattice oxygens. 

 
 

 (6) 

 

After the formation of radicals in the first step, parallel O-insertion reactions can occur 

to form oxygenates and thus limit selectivity to alkenes. These reactions are kinetically 

irrelevant as the first C-H activation dominates, but these oxygenates are included with 

the ODH alkene products in measured rates to accurately account for primary C-H 

activations.  

 Rigorous kinetic studies in our previous work28 has shown the effect of product 

inhibition on turnover rates was studied by measuring the ODH rates as a function of 

C2H6 and C6H12 conversions varied by changing the residence times at different 

reaction pressures. The decrease in C2H6 ODH rates with conversion (Fig. A4) was 

much weaker than the corresponding decrease in C6H12 ODH rates (Fig. A5). Such 

differences in product inhibition may occur because the H2O molecules formed in both 

reactions bind weakly to MO* sites at these temperatures,4 but oxygenates formed in 

C6H12 oxidations bind more strongly.41 In addition, the same work28 showed that C2H6 

ODH rates increase linearly with C2H6 pressure and are independent in O2 pressure 

(Fig. A6), which suggests that surface coverage of species represented by denominator 

terms in Equation 5 are much smaller than unity at relevant conditions due to weak 

alkane binding (ὑ  << 1 kPa-1) and rapid nature or re-oxidation steps (Ὧ >> 

Ὧ ὑ ). The C6H12 ODH rates increased linearly with C6H12 pressures at low 

pressures but exhibited sub-linearity at high C6H12 pressures (Fig. A7). These nonlinear 

effects suggest that adsorbed C6H12 derived species or reduced centers occupy 

significant fractions of surface sites at high C6H12 pressure. These observations were 
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confirmed by the determination of the ὑ  of both C2H6 and C6H12 which were on 

average significantly less than unity across defined reaction temperature ranges on both 

MoVTeNbO and VOx/SiO2 (See Table A2).  

 With effects of product inhibition on ODH rates taken into consideration, 

appropriate reaction conditions were chosen to avoid the need for measurement of 

detailed effects of conversions and reactant pressures on measured rates. Low 

conversions of reactants (<5%) were ensured for all the rates reported henceforth to 

reflect ODH turnover rates at the conditions of reactor inlet free from product 

inhibition. In addition, low pressures of C6H12 (0.5 kPa) and C2H6 (3 kPa) were used to 

select alkane pressures for which the denominator terms in equations 5 and 6 are 

insignificant. At these conditions, the rate equations 5 and 6 reduce to the following 

forms: 

ḙ       (7) 

ḙ                              (8) 

In addition, the effect of product inhibition on turnover rates was studied by measuring 

the ODH rates as a function of C2H6 and C6H12 conversions varied by changing the 

residence times (Figure A8). These results confirm that our measured rates truly reflect 

the conditions at reactant inlet (zero conversion). 

These rates were divided by C2H6 or C6H12 pressures to obtain values of rate 

constants (Ὧ ὑ ) according to Equations 7 and 8.  These measured rate constants 

represent the Gibbs free energy of C-H activation transition state (Ὃɗ) relative to those 

of uncovered oxide surfaces (GMO*) and gaseous C2H6 molecules Ὃ ):  

 Ὧ ὑ  ~  Ὡ
Ў ɗ

Ὡ

ɗ
ᶻ

   (9) 
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This equation is very similar for C6H12 and next, we measure the differences in 

activation enthalpies between C2H6 and C6H12 on both oxides to evaluate the role of 

micropores in stabilizing transition states for C2H6 activation.  

3.4 Role of micropores in C-H activation 

The Gibbs free energy change in Equation 9 reflects contributions from activation 

enthalpy and entropy (ЎὋɗ ЎὌɗ ὝЎὛɗ), which can be expressed in the form of the 

Eyring-Polanyi equation:42-43 

 ὰὲ
Ўɗ Ў ɗ

   (10) 

where, Ὤ and Ὧ  represent the Planck and Boltzmann constants, respectively. Therefore, 

the apparent C-H activation enthalpies (ЎὌɗ  can be estimated from a plot of the 

ὰὲὯ ὑ  values derived from measured rate constants (Table 3) for C2H6 and 

C6H12 on VOx/SiO2, MoVTeNbO and MoVO as a function of reciprocal temperatures 

(Figs. 6(a)ī(c)).  

 

Figure 6. Measured ODH rate constants for activation of the C2H6 (black diamond) and 

C6H12 (blue triangle) as a function of reciprocal temperature on VOx/SiO2 MoVTeNbO 

and MoVO. Dashed lines represent linear regression fits to form of equation 10. 

Uncertainty represents the 95% confidence interval on the estimation of the parameter 

in the linear regression. 
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Table 3. Estimated C-H activation rate constant for C2H6 and C6H12 ODH obtained by 

dividing measured rates by ὖ  (3 kPa) and ὖ  (0.5 kPa) on VOx/SiO2, 

MoVTeNbO and MoVO.  

Metal Oxide 

Catalyst 

Temperature  

(K) 
Ὧ ὑ  

(10-5 V-1kPa-1s-1) 

Temperature  

(K) 
Ὧ ὑ  

(10-5 V-1kPa-1s-1) 

C2H6 ODH C6H12 ODH 

41 wt% 

VOx/SiO2 

648 0.050 588 31.7 

673 0.085 603 43.1 

 698 0.136 623 55.9 

 733 0.269 648 70.7 

MoVTeNbO 648 1.69 603 2.17 

 673 2.88 623 3.30 

 698 5.07 648 6.02 

 733 11.31 673 10.15 

MoVO 648 73.4 603 39.8 

 673 118.2 623 69.1 

 698 180.9 648 108.0 

 733 373.4 673 170.7 

 

The C-H activation enthalpy of C2H6 (78 ± 6 kJ mol-1) on VOx/SiO2 is significantly 

larger for than that of C6H12 (42 ± 18 kJ mol-1) which is consistent with the weaker C-

H bond strength in the latter (Table A3). On both MoVTeNbO and MoVO, the C6H12 

activation enthalpies (75 ± 9 kJ mol-1 and 69 ± 15 kJ mol-1 respectively) are 

significantly higher than that on VOx/SiO2 which suggests a less reactive nature of O-

atoms of both MoV based oxides due to their weaker H-abstraction strength. However, 

measured C2H6 activation enthalpies on MoVTeNbO (88 ± 14 kJ mol-1) and MoVO (75 

± 16 kJ mol-1) when compared to that on VOx/SiO2 do not seem to reflect these apparent 

weaker H-abstraction strengths of the O-atoms on these microporous MoV based 

oxides. In more quantitative terms of relative enthalpies between C2H6 and C6H12 

activations on these oxide catalysts, the activation enthalpy differences on MoV (6 kJ 

mol-1) and MoVTeNbO (13 kJ mol-1) are about 23-30 kJ lower than that observed on 

VOx/SiO2 (36 kJ mol-1).  

 The rate ratios determined earlier in this work confirmed that most of C2H6 

turnovers during ODH occur within the micropores (Fig. 3); therefore, the lower 

activation enthalpy difference between C2H6 and C6H12 on both MoV and MoVTeNbO 
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is consistent with stabilization of C2H6 molecules by van der Waals (vdW) interactions 

with the micropore walls, as have been observed in zeotype materials which are porous 

as well.44 Next the influence of micropores on the selectivity to ODH products will be 

probed.  

3.5 Influence of micropores on the selectivity to ODH products 

During rate measurements on the metal oxides, the product selectivity was measured 

(See Appendix for calculation details). Figure 7 shows the selectivity to C2H4 (Ὓ ) 

and other products in C2H6 oxidative conversion at a standard condition (30 cm3 min-1) 

and as a function of C2H6 conversion (ὢ ) for different C2H6 residence times (3 kPa 

C2H6 and 3 kPa O2, 648 K). Both MoV and MoVTeNbO based catalysts showed a much 

higher selectivity to C2H4 (94 and 96% Ὓ  at 7 and 2.5 % ὢ respectively; Fig. 7a) 

than VOx/SiO2 (49% Ὓ  at 0.8% ὢ ; Fig. 7a). In addition, the selectivity to C2H4 

in both MoV based oxides stayed relatively the same over the 1-5% conversion range 

when compare to that on VOx/SiO2 which was much sensitive to increasing conversion 

(Fig. 7b), and these are consistent with the well-known selectivity trends on these 

materials.6, 23, 45 
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Figure 7. (a) C2H6 conversion and product selectivity at 30 cm3 min-1 flow rate and (b) 

product selectivity as a function of C2H6 conversion on VOx/SiO2 (black closed 

symbols in b), MoVTeNbO (black open symbols in b), and MoVO (blue open symbols 

in b), at 648 K, 3 kPa C2H6, 3 kPa O2.  

 However, measured product selectivity trends during C6H12 oxidative 

conversion were similar on VOx/SiO2, MoVTeNbO, and MoVO at standard conditions 

((30 cm3 min-1 0.5 kPa C6H12 and 3kPa O2, 648 K; Fig. 8a) which contrasted with the 

different trends observed during C2H6 conversion. In addition, the three C6H12 product 

selectivity changed similarly with increasing conversion (Fig. 8b). These observed 

trends suggest that the nature of external surfaces of all three catalysts confer similar 

selectivity to oxidative dehydrogenation products (C6H10 and C6H6) and that the high 

selectivity to C2H4 during C2H6 ODH on both MoVTeNbO and MoVO originates 

specifically from some property within the micropores.  

  


