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Abstract: 

Three catalysts that correspond to the evolution of the optimal catalytic systems for the 

oxidative dehydrogenation (ODH) of ethane have been compared in terms of catalytic 

behavior and adsorption/desorption properties. Thus, the selectivity to ethylene at 

medium and high ethane conversion during the ethane ODH follows the order: 

VOx/Al2O3 < NiSnOx < MoVTeNb-M1. An opposite trend is observed when comparing 

the relative reaction rates observed between the oxidation of ethylene and the ODH of 

ethane (i.e. rC2H4/rC2H6) at 400ºC: VOx/Al2O3 < NiSnOx < MoVTeNb-M1.  

Microcalorimetry and FT-IR of adsorbed ethylene results at low temperature indicate that 

the heat of adsorption of both ethane and ethylene is the highest in the most selective 

MoVTeNb-M1 sample. However, operando IR studies of ethylene and O2 co-adsorption 

in the 100-250ºC range, clearly indicates a very fast desorption of ethylene on MoVTeNb-

M1, whereas O-intermediate compounds and carbons oxides are observed on VOx/Al2O3 

and NiSnOx. Accordingly, the catalytic results in ethane ODH on these catalysts cannot 

be directly explained by a weaker adsorption of ethylene at low temperature but to the 

ability of the catalyst to easily desorb ethylene in the reaction conditions, which favors a 

low ethylene oxidation and high yield to olefin.  

 

 Keywords: ODH ethane; ethylene; FT-IR adsorbed ethylene; microcalorimetry; 

MoVTeNbO; promoted NiO. 
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1. INTRODUCTION 

It is generally accepted that partial oxidation reactions are carried out by Mars-van 

Krevelen mechanism [1, 2].  However, other aspects must be also considered such as the 

possible structure-sensitivity of catalytic reaction on oxides [3], the synergy of catalytic 

properties in oxide systems, the role of the monolayer in oxide catalysts, the dynamic 

state of oxide surfaces [4] or the mechanism of catalytic oxidation of hydrocarbons [5]. 

It is especially remarkable the role of oxygen species in hydrocarbon activation (i.e. 

electrophilicity and nucleophilicity of oxygen species in oxidation reactions) [3]. In other 

words: “the surface of a solid is not a rigid static structure, on which various phenomena 

involving molecules adsorbed from the gas phase occur, but is always in dynamic 

interaction with the latter” [3]. On the other hand, concepts such as site-isolation and 

phase cooperation [6], multifunctionality of active sites [7], etc., have subsequently led 

to postulate the “seven pillars” for the synthesis of oxidation reactions catalysts [8]. These 

concepts play an important role for the development of efficient catalysts for partial 

(amm)oxidation of both olefins [2] and alkanes [9]. 

Oxidative dehydrogenation (ODH) of alkanes is one of the partial oxidation reactions that 

has received the most attention in the last twenty years, because it could be a more 

sustainable alternative than the current, non-catalytic, industrial process of olefins 

production (steam cracking of naphtha, LPG or ethane) [10-12].  Among the different 

alkanes (C2-C4), the ODH of ethane to ethylene is the one that currently generates the best 

expectations for industrial application [13-17]. From the comparison of the catalytic 

systems reported in the literature, three different catalysts have been proposed in the last 

two decades for the ethane ODH, which correspond to the evolution of the most promising 

catalysts for this reaction [13-17]: i) supported vanadium oxide; ii) promoted nickel 
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oxide; and iii) multicomponent Mo-V-Te-Nb-O mixed metal oxides (Mo-V-based 

catalysts presenting orthorhombic molybdenum oxide bronze structure-M1 phase). 

In the case of supported vanadium oxide catalysts, it is generally accepted that they should 

consist of a rather acidic supports, with relatively high interaction of vanadium oxide with 

the support. This is the case of γ-Al2O3-supported vanadium oxide catalysts [18-23], 

especially those with vanadium loadings not very high (ca. V-loading of 1.4-34.2 V/nm2), 

consisting of isolated vanadium species [20] in order to prevent the formation of bulk 

vanadium pentoxide [18-22]. In the best formulation, vanadia supported on alumina can 

partially mitigate the ethylene overoxidation when compared to bulk vanadium pentoxide 

[18, 20, 21].  

Promoted-nickel oxide catalysts can be considered as a second group of active and 

selective catalysts for ethane ODH [24-26]. Nickel oxide alone is not appropriate to get 

high yields to ethylene because it favors the direct formation of CO2 from ethane. 

However, the addition of promoters, especially niobium (with Nb/Ni atomic ratios of ca. 

0.03-020) [24], drastically changes the catalytic performance, highly increasing the 

formation of the olefin at ethane conversions lower than 30%. Apparently, this 

improvement in the catalytic performance when suitable promoters, such as Nb, Sn, or Ti 

[24-30], are incorporated is due to the fact that the presence of appropriate metal oxides 

eliminate electrophilic oxygen species which are highly active in the CO2 formation. In 

this way, by keeping nickel in its reduced valence state (Ni2+) and limit the number of O- 

radicals that lead to combustion is limited [24, 27, 30, 31]. The main difference between 

the catalytic performance of undoped and promoted NiO catalysts lies on the extent of 

the total oxidation of the alkane, rather than to that of the olefin formed.  The first step in 

the mechanism is likely a concerted C-H activation [32] followed by a β-Hydrogen 

elimination and subsequent release of ethylene and water. 
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Multicomponent Mo-V-Te(Sb)-Nb-O mixed oxides catalysts consisting in a specific 

structure (the so-called M1-phase) were reported to show remarkably better behavior than 

the former vanadium supported catalysts [33, 34]. Their catalytic performance in ethane 

oxidation can be related to the presence of the multifunctional Te2M20O57 (M= Mo, V, 

Nb) orthorhombic phase [35-40], in which V-atoms are the active sites (the number of V 

atoms in pure M1 phase is estimated to be of ca. 1.8 x1019 V-atoms gcat
-1 [37]). In addition, 

the presence of tellurium atoms in the framework of an orthorhombic bronze structure 

occupying the hexagonal channels, facilitates the modification of acid sites on the catalyst 

surface preventing the deep oxidation of both ethane and ethylene to carbon oxides [41-

42]. These catalysts have been studied for the last years in order to improve catalytic 

activity [35-42], however, the nature of active/selective species is not completely 

determined. In this way, it has been proposed that V-sites are the actives ones [35-40], 

whereas the presence of Te-atoms could favor specific transformation of the catalysts 

structure, changing the characteristics of active sites and favoring higher selectivity to 

ethylene [43].  

In this paper it is compared the catalytic performance for ethane and ethylene oxidation 

of representative catalysts of the last three groups, i.e. a multicomponent Mo-V-Te-Nb-

O mixed metal oxide (with a Mo/V/Te/Nb atomic ratio of 1.0/0.25/0.17/0.17) [35]; a Sn-

doped NiO catalysts (with a Ni/Sn atomic ratio of 92/8) [28]; and a vanadium oxide 

supported on γ-Al2O3 (with 5 wt% of V-atoms) [18]. The role of surface Lewis acid sites 

in the adsorption enthalpy of ethane and ethylene on the different systems will be studied 

correlating micro calorimetric with infrared spectroscopy (IR) studies, and the catalytic 

performance assess by operando IR studies where the reactivity of ethylene in the 

presence of molecular oxygen will be studied highlighting the role of surface oxygen 

species in the overoxidation of ethylene.  
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2. EXPERIMENTAL 

2.1. Catalyst preparation 

A multicomponent Mo–V–Te–Nb–O catalyst has been prepared hydrothermally from 

aqueous gels of vanadyl sulfate, niobium oxalate, ammonium heptamolybdate, and 

telluric acid with a Mo/V/Te/Nb atomic ratio of 1–0.25–0.17–0.17 [35]. The gel was 

transferred to a Teflon-lined stainless-steel autoclave and kept at 175 ºC/60 h. The 

resulting precursor was filtered, washed, dried at 100 ºC/16 h, and heat-treated at 

600ºC/2h in N2. This catalyst has been named as MoVTeNb-M1.   

Sn-doped nickel oxide catalyst was prepared through the evaporation at 60 ºC of a stirred 

ethanolic solution of nickel nitrate, Ni(NO3)2.6H2O (Sigma–Aldrich), and tin oxalate, 

SnC2O4 (Sigma– Aldrich) [28]. Oxalic acid has been added to the ethanolic solution with 

an additive/Ni molar ratio of 1.3 and a Ni/Sn atomic ratio of 92/8 was used. The paste 

obtained was dried overnight at 120 ºC and finally calcined in static air for 2 h at 500 ºC. 

This catalyst has been named as NiSnOx. 

Vanadium oxide supported on γ-alumina catalyst has been prepared by a wet 

impregnation method [18]. An ammonium metavanadate (Sigma–Aldrich) aqueous 

solution was adjusted at pH=7 with diluted nitric acid and to this γ-Al2O3 (Suede-Chimie, 

SBET = 188 m2 g-1) support was added. The amount of ammonium metavanadate used has 

been adjusted to fix the vanadium content in 5 wt.% V. This mixture was rotary 

evaporated using vacuum until a paste was obtained. This paste was dried overnight at 

100 ºC and finally calcined in static air for 6 h at 550 ºC. This catalyst has been named as 

VOx/Al2O3. The characteristics of the catalysts are shown in Table 1. 

 



7 
 

2.2.  Catalyst Characterization 

The chemical analysis of the solids has been performed by inductively coupled plasma 

atomic emission spectrometry (ICP-AES). 

The specific surface areas have been determined by BET method from N2 adsorption 

isotherms at 77 K measured in a Micromeritics TriStar 3000 instrument.  

X-ray diffraction (XRD) patterns of powder solids were collected with a PANalytical 

CUBIX instrument equipped with a graphite monochromator, employing Cu Kα radiation 

(λ=0.1542 mm) and operated at 45 kV and 4 mA. Distribution of crystalline phases 

forming the catalysts was calculated by Rietveld refinement of the XRD patterns 

employing X´Pert Highscore Plus software. 

Raman spectra were recorded with an “in via” Renishaw spectrometer equipped with an 

Olympus microscope. The samples were excited by the 514.5 nm line of an Ar+ laser 

(Spectra Physics model 171) with a laser power of 2.5 mW [44] or by the 325 nm (UV-

Raman), generated with a Renishaw HPNIR laser with a power of approximately 15 mW 

[45]. 

The adsorption enthalpy of hydrocarbons (ethane or ethylene) onto the different catalysts, 

was measured in separate experiments using a Sensys evo TG-DSC instrument from 

Setaram, equipped with a 3D thermal flow sensor. The sample (60-100 ± 1 mg) was 

treated in He flow (50 mL min-1) at 5°C min-1 up to 300ºC, kept for 30 min and then 

cooled down to 35 °C under He flow. After that, a mixture of ethane/He or ethylene/He 

(10% v/v) was flowed (10 mL min-1) to the catalyst at 35 °C until no variations on mass 

and heat flow were detected. The exothermic peaks corresponding to the adsorption were 

integrated to provide the total enthalpy of adsorption. The mean adsorption energy for 
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each hydrocarbon was calculated by considering the total adsorbed amount of 

hydrocarbon.  

IR spectra of adsorbed CO were recorded at low temperature (-165ºC) with a Bruker 

Vertex 70 spectrometer using a DTGS detector and acquiring at 4 cm−1 resolution. An IR 

cell allowing in situ treatments in controlled atmospheres and temperatures from -165 ºC 

to 500 ºC has been connected to a vacuum system with gas dosing facility. For IR studies 

the samples were pressed into self-supported wafers and treated at 250 ºC in Oxygen flow 

(10 ml min-1) for 1.5 h followed by evacuation at 10-4 mbar at the same temperature for 

1h. After activation the samples were cooled down to -165ºC under dynamic vacuum 

conditions followed by CO dosing at increasing pressure (0.4-8.5 mbar).  IR spectra were 

recorded after each dosage.  

In the operando IR experiments, after sample activation under similar conditions as in the 

IR-CO experiments, 43 mbar ethylene and 84 mbar O2 were co-adsorbed at 25ºC. Then 

the temperature was increased stepwise to 100, 150, 200 and 250ºC. IR spectra were 

recorded after each dosage on the “hot” and “cooled down” pellet. 

2.3. Catalytic tests   

The catalytic experiments were carried out under steady state conditions using a fixed-

bed quartz tubular reactor (i.d. 20 mm, length 400 mm), equipped with a coaxial 

thermocouple for catalytic bed temperature profiling, working at atmospheric pressure in 

the 350-450 ºC temperature range. The flow rate (25–100 ml min−1) and the amount of 

catalyst (0.5–2.0 g, 0.3–0.5 mm particle size) were varied in order to achieve different 

ethane conversion levels. The feed consisted of a mixture of hydrocarbon/oxygen/helium 

with molar ratios of 5/5/90 (using ethane or ethylene) or CO/air with molar ratios of 

0.5/99.5. Reactants and reaction products were analyzed by on-line gas chromatography, 
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using two columns [44]: i) Porapak QS (2.0 m × 1/8 in); and ii) (ii) Carbosieve-S (2.5 m 

× 1/8 in). 

 

3. RESULTS AND DISCUSSION 

3.1.  Characterization of catalysts 

The XRD pattern of multicomponent Mo-V-Te-Nb-O mixed metal oxides catalyst 

(MoVTeNb-M1) is characterized by the main presence of diffraction peaks related to 

(TeO)2M20O56 structure [JCPDS: 18-582], the so-called M1 phase [35-41] (Figure S1-A).  

Moreover, the presence of secondary phase with hexagonal structure, 

Te0.33Mo0.7(V/Nb)0.3O3.33, the so-called M2 phase, as minority, cannot be completely 

ruled out.  The corresponding Raman spectrum, using the 514 nm wavelength excitement 

laser, showed an intense band at ca. 872 cm−1 with a broad shoulder in the 770–840 cm−1 

region and a signal at 477 cm-1. These signals could correspond to both asymmetric and 

symmetric stretching modes of the Me-O-Me bonds, respectively (Fig. S1- B). Moreover, 

it can be also seen a weak shoulder at ca. 980 cm−1, assigned to stretching vibrations of 

terminal Mo=O and V=O [44] and a band at ca. 664 cm-1 that, along with the broad band 

at ca. 820 cm-1 is assigned to the Nb-O-Nb bonds [45]. All these signals confirm the main 

presence of M1 phase [44]. Furthermore, the XPS of the vanadium 2p3/2 core level is 

included in Figure S1-C. A unique symmetrical signal at ca. 515.2 eV is observed, 

suggesting the single presence of V4+ species [35].  

SnO2 –doped NiO catalyst (NiSnOx), with a Ni/Sn at. ratio of 92/8, presents a surface 

area of 84 m2 g-1, and a typical X-ray diffraction pattern characterized by the presence of 

NiO  crystallites (JCPDS: 78-0643) with the presence as minority of SnO2 (JCPDS 41-

1445) (Fig. S2-A) [28].  Visible Raman spectra (514 nm) of this catalyst is characterized 

by the presence of a broad band at ca. 516 cm-1, suggesting some modification of NiO 
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crystallites [46] (Figure S2-B). In addition, the UV-Raman spectrum (325 nm) of the 

NiSnOx catalyst confirm the presence of NiO nanoparticles [47], with the presence of 

five bands which correspond to one-phonon LO modes (at 516 and 580 cm-1), two-phonon 

2TO modes (at 707 cm−1), TO + LO (at ~906 cm−1) and 2LO (at ca. 1109 cm-1) modes, 

respectively. On the other hand, the visible Raman spectrum for this catalyst, present a 

broad single band at ca. 516 cm-1, as observed in other promoted NiO catalysts [46]. In 

addition, Figure S2-C shows the Ni 2p3/2 core level spectrum, in which it can be seen the 

characteristic peaks for NiO with a main signal at ca. 853.7 eV, along with a broad 

satellite (Sat II) at ca. 860.9 eV, both associated with Ni2+ species, and a second signal 

(Sat I) at higher binding energy (855.7 eV)  than that of the main one, which is related to 

the presence of defects such as Ni3+, Ni2+ vacancies or Ni2+-OH species [28,30]. 

γ-Al2O3-supported vanadium oxide catalyst (VOx/Al2O3), with a surface area of 146 m2 

g-1, presents a typical X-ray diffraction patterns of the pure support with no apparent 

presence of vanadium pentoxide (Fig. S3-A), which suggest that vanadium species are 

highly dispersed on the surface of the support. This is also confirmed by Raman 

spectroscopy (Fig. S3-B), which shows a band at ca. 927 cm-1  (broad band 920-940 cm-

1 in UV Raman) in agreement with a good dispersion of polymeric vanadium species 

onto the alumina surface [48]. In any case, both UV and visible Raman spectra confirms 

the absence of V2O5 crystallites. In addition to this, XPS analysis of the vanadium 2p3/2 

core level showed an asymmetric signal centered at ca. 516.5 eV (Fig. S3-C), suggesting 

the main presence of V5+ [49].  However, the minority presence of V4+ species, with 

binding energies at 514.5 eV, should be also considered.  

Figure 1 presents the TPR patterns of catalysts. For MoVTeNb-M1 sample, a peak at ca. 

500ºC and a second peak at ca. 520ºC is observed (the first one related to surface species 

and the second one related to the reduction of bulk) [50]. However, a single reduction 
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peak, with the maximum for H2 consumption at ca. 320ºC and 480 ºC has been observed 

in the case of NiSnOx and VOx/Al2O3 catalysts, respectively, which is in agreement with 

previous results as seen in [28] and [18]. We must indicate that surface and bulk reduction 

is observed for MoVTeNb-M1 and NiSnOx catalysts, whereas only the surface vanadium 

species of the catalyst is reduced in VOx/Al2O3. 

 

Figure 1. TPR-H2 results of catalysts: a) MoVTeNb-M1, b) NiSnOx, and c) VOx/Al2O3. 

 

The amount of adsorbed hydrocarbons and the heat of adsorption of ethane and ethylene, 

measured by microcalorimetry are summarized in Table 2. From our calorimetric 

experiments we can assume that high surface coverage occurs; thus, all adsorption sites, 

strong and weak are covered. MoVTeNb-M1 shows the highest heat of adsorption, 32 kJ 

mol-1; with ethylene interacting slightly stronger than ethane, a value of 39 kJ mol-1 is 
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obtained in this case, which is in good agreement to previous results [37]. The adsorption 

enthalpy of both ethane and ethylene on VOx/Al2O3 and NiSnOx catalysts results in low 

heat values of 10-13 kJ mol-1, which are close to the condensation of the hydrocarbon 

molecules [37]; there is no apparent strong interaction of these hydrocarbons with the 

surface of both VOx/Al2O3 and NiSnOx catalysts.  

The amount of adsorbed hydrocarbon (ethane and ethylene) on MoVTeNb-M1 is about 

the half than that determined for VOx/Al2O3 and NiSnOx catalysts (Table 2). For a more 

proper comparison of the amount of adsorbed hydrocarbons on the different catalysts, the 

measured amount was normalized to the specific surface area. The density of active 

surface sites for the ethane adsorption follows the order:  MoVTeNb-M1 (4.9 μmolC2H6 

m-2) > NiSnOx (1.8 μmolC2H6 m-2) > VOx/Al2O3 (0.8 μmolC2H6 m-2).  They are similar to 

those observed by the ethylene adsorption: MoVTeNb-M1 (5.3 μmolC2H4 m-2) > NiSnOx 

(1.5 μmolC2H4 m-2) > VOx/Al2O3 (0.8 μmolC2H4 m-2). Note that the surface density of sites 

for ethylene and ethane adsorption is kept in a similar range for each catalyst. 

IR spectra of CO adsorption as probe molecule for surface Lewis acid titration performed 

at -165 ºC shows a density of acid sites in the MoVTeNb-M1 sample higher, than those 

achieved for NiSnOx and VOx/Al2O3, as visualized from the area of the IR signal 

normalized to catalyst surface area (Fig. 2). 

Concerning to the acid strength, it is assumed that a blue shift of the ν(C≡O) corresponds 

to a higher acid strength, which is the case of the MoVTeNb-M1 sample exhibiting a 

higher acidity (infrared band at 2175 cm-1) than both NiSnOx (2170 cm-1) and VOx/Al2O3 

(2157 cm-1). Interestingly, the IR band at 2131 cm-1 in the MoVTeNb-M1 sample may be 

ascribed to reduced Mo and/or V species characterized by π back bonding shifting the IR 

frequency of C≡O to lower values, while the band at 2144 cm-1 could be related to 

phsysisorbed CO inside the hexagonal channels of the M1 structure [51,52]. 
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Figure 2. IR spectra of CO adsorption at saturation coverage at -165 ºC on MoVTeNb-

M1 (blue), NiSnOx (black) and VOx/Al2O3 (red). IR spectra have been normalized to 

sample weight and surface area. 

 

In order to correlate the strength of surface Lewis acid sites with the previous micro 

calorimetric studies, IR studies of ethylene adsorption have been performed (Fig. 3). A 

band in the 1600-1630 cm-1 range can be related to the presence of ν(C=C) of ethylene 

adsorbed in the surface of the catalyst [53]. This band at 1600-1630 cm-1 has been 

observed for all the catalysts, as shown in Figure 3. However, the ν(C=C) of ethylene is 

red shifted in the MoVTeNb-M1 sample (IR band at 1604 cm-1) compared to that of the 

NiSnOx (∼1629 cm-1) and VOx/Al2O3 (∼1629 cm-1) samples, indicating a higher 

interaction strength between the olefin group and the Lewis acid site in the MoVTeNb-

M1 sample, in agreement with the higher heat of adsorption determined by 

microcalorimetry.  

 

2200 2160 2120 2080

A
bs

or
ba

nc
e 

(a
.u

.)

Wavenumber (cm-1)

2175

2170

2157

2144
2131

0.00025

2154

2157



14 
 

 

Figure 3. IR spectra of 43 mbar of ethylene adsorbed at 25 ºC on MoVTeNb-M1 (blue), 

NiSnOx (black) and VOx/Al2O3 (red). IR band in the 1600-1630 cm-1 range corresponds 

to the ν(C=C). 

 

3.3 Catalytic results 

The catalytic performance of these catalysts (i.e. MoVTeNb-M1, NiSnOx and 

VOx/Al2O3) in the oxidative dehydrogenation (ODH) of ethane and in the oxidation of 

ethylene has been comparatively studied at a fixed and relatively low reaction temperature 

(in the 350-450ºC temperature range), maintaining the same Hydrocarbon/O2/He = 5/5/90 

molar ratio and modifying the contact time by changing the catalyst weight and/or the 

total flow. This way we can observe the evolution of the selectivity to the main reaction 

products when the ethane conversion increases. A summary of the catalytic results in the 

ODH of ethane on these catalysts is shown in Table 3. We must note that other 

experiments were undertaken using different reactant concentrations in order to determine 

the reaction orders referred to oxygen and to hydrocarbon. 
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The reactivity of the multicomponent Mo-V-Te-Nb-O mixed metal oxides catalysts, 

presenting mainly M1, is likely only due to the reactivity of the vanadium sites in a 

suitable environment [33-43]. In fact, it is known that molybdenum oxide-based catalysts 

can activate ethane at temperatures over 500ºC [19], which are much higher than the 

reaction temperature of the present work; whereas tellurium and niobium sites are inert 

in these reaction conditions. The reaction rate of ethane transformation per mass of 

catalyst (rC2H6) is 2.29 mmolC2H6 gcat
-1 h-1, whereas the rate per mass of active site 

(vanadium) is 60.3 mmolC2H6 gV
-1 h-1.  

The reactivity of VOx/Al2O3 catalyst is due to the vanadium sites and depends on both 

the reducibility of catalyst and the subsequent reoxidation of reduced catalysts [20, 54], 

since at the reaction temperature used in this work, the reactivity of pure γ-Al2O3 has been 

shown as negligible. The reaction rate of ethane transformation per mass of catalyst 

(rC2H6) is 0.424 mmolC2H6 gcat
-1 h-1 (Table 2), whereas the rate per mass of active site 

(vanadium) is ca. 13.7 mmolC2H6 gV
-1 h-1.  

The reactivity of NiSnOx catalyst is due to the nickel sites [24-30], as the tin sites are 

inactive in the ethane activation in these reaction conditions [28]. Thus, in this case, the 

reaction rate of ethane transformation per mass of catalyst (rC2H6) is 17.6 mmolC2H6 gcat
-1 

h-1 whereas the rate per mass of active site (nickel) is 26.3 mmolC2H6 gNi
-1 h-1. 

Accordingly, the reaction rate for ethane oxidation (rC2H6) during the ethane ODH at 

400ºC decreases according to the following trend: NiSnOx (17.6 mmolC2H6 gcat h-1) > 

MoVTeNb-M1 (2.29 mmolC2H6 gcat h-1) > VOx/Al2O3 (0.68 mmolC2H6 gcat h-1) (Table 3).  

Figure 4 shows the variation of the selectivity to ethylene with the ethane conversion at 

400ºC (data obtained varying the contact time). By comparing the variation of the 

selectivity to ethylene with ethane conversion at 400ºC it can be concluded that ethane 

conversion has a very low influence on the selectivity to ethylene when the reaction is 
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carried out over multicomponent MoVTeNb-M1 catalysts, with selectivity to ethylene 

higher than 90% for ethane conversion up to 80%.  However, a higher influence of ethane 

conversion on the selectivity to ethylene is observed for NiSnOx, and especially for 

VOx/Al2O3 catalyst (Fig. 4). 

 

Figure 4. Variation of the selectivity to ethylene with the ethane conversion at 400 °C in 

the ODH of ethane. Catalysts: MoVTeNb-M1 (▲), NiSnOx (■), VOx/Al2O3 (●). 

Remaining reaction conditions in text. Detailed data of representative catalysts are shown 

in Table S1. 

 

In the ODH of ethane on multicomponent MoVTeNb-M1 catalyst three reaction products 

have been observed: ethylene (mainly), and CO and CO2 as minority (whereas acetic acid 

was not observed) (Table S1). Initially, the ethane is transformed into ethylene as its 

initial selectivity to ethylene is ca. 100% (Fig. 4). Interestingly, the selectivity to ethylene 

hardly decreases with the ethane conversion (from 99% at 2% ethane conversion to 96% 

at 40% ethane conversion). In addition, no influence of reaction temperature on selectivity 

to ethylene is observed on this catalyst in the 350-450ºC range (Fig. S4). 
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In an opposite trend, a drastic decrease of the selectivity to ethylene is observed on 

VOx/Al2O3 catalyst when the ethane conversion increases. Thus, VOx/Al2O3 catalyst 

presents an initial selectivity to ethylene of ca. 80% (at 400ºC) or 90% at (450ºC), whereas 

both CO (initial selectivity of ca. 16% or 6%, at 400 or 450ºC, respectively) and CO2 

(initial selectivity ca. 4% regardless of the reaction temperature) can be also directly 

formed from ethane (Figure S4).  

It is noteworthy to mention the selectivity achieved over the alumina-supported vanadium 

oxide catalyst presented here is even lower compared to other vanadia/alumina catalysts 

reported in the literature [20, 54]. However, this is related to the low reaction temperature 

used in the present study in contrast with typical reaction temperatures of 500-550ºC 

reported elsewhere [18-20], and the strong influence of reaction temperature on 

selectivity to ethylene [20], in part as a consequence of the reducibility and re-oxidation 

of the catalyst [54]. 

An intermediate behavior is observed over the Sn-doped NiO catalysts (NiSnOx). Most 

of ethane is transformed into the olefin, with an initial selectivity to ethylene of 85-90% 

being achieved (Fig. 4). However, a slight decrease of the selectivity to ethylene is 

observed when the ethane conversion increases (from 86% at 2% ethane conversion to 

76% at 40% ethane conversion), but a greater influence of the ethane conversion on the 

selectivity to ethylene is observed for higher ethane conversion. In addition, we must 

inform that only two reaction products (ethylene and CO2) have been observed during the 

ODH of ethane over NiSnOx catalyst. Nevertheless, no influence of reaction temperature 

on selectivity to ethylene is observed between 400 and 450ºC (Fig. S4).   

On the other hand, the catalysts have been tested in the oxidation of ethylene (Table S2, 

supplementary information) and the selectivity to the main reaction products is presented 

in Figure 5. 
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In the oxidation of ethylene over MoVTeNb-M1 or VOx/Al2O3 catalyst two reaction 

products (CO and CO2) have been observed (Fig. 5 and Table S2), although acetic acid 

was also detected, as traces, over VOx/Al2O3.  In both cases, the selectivity to carbon 

oxides kept constant with the ethylene conversion, suggesting that there has not been an 

appreciable CO oxidation into CO2. However, only CO2 was identified during the 

ethylene oxidation over NiSnOx catalyst (Fig. 4): neither CO nor acetic acid were 

detected. 

 

 

Figure 5. Variation of the selectivity to CO and CO2 with the ethylene conversion, at 400 

(●,▲, ■) and 450ºC (○, Δ, □,), during the oxidation of ethylene over MoVTeNb-M1  (▲, 

Δ), NiSnOx (■, □) and VOx/Al2O3 (●, ○) catalysts. Reaction conditions in the 

experimental section. 

 

The reaction rate of ethylene transformation per mass of catalyst during the ethylene 

oxidation at 400ºC (rC2H4) decreased according to the following trend: NiSnOx (3.71 

mmolC2H6 gcat
-1 h-1) > VOx/Al2O3 (1.76 mmolC2H4 gcat

-1 h-1) > MoVTeNb-M1 (0.166 

mmolC2H6 gcat
-1 h-1).  

Figure 6 shows the variation of ethane or ethylene conversion with the contact time during 

their oxidation over MoVTeNb-M1 (Fig. 6a), NiSnOx (Fig. 6b) and VOx/Al2O3 (Fig. 6c) 
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catalysts at 400ºC. The corresponding rC2H4/rC2H6 ratios achieved for each catalytic system 

have been also included. These reaction rates have been calculated considering 

hydrocarbon conversions lower than 5 %. 

 The reactivity of MoVTeNb-M1 catalyst in the olefin transformation resulted to be ca. 

15 times lower than that in the ethane transformation (Fig. 6a), which is in agreement 

with the extremely low drop in the selectivity to ethylene observed during the ODH of 

ethane (Fig. 4). On the other hand, NiSnOx catalyst in the ethylene transformation 

resulted to be low, only around 1/5 of the reaction rate observed in the alkane 

transformation (Fig. 6b), which can explain the slow drop in the selectivity to ethylene 

observed during the ODH of ethane (Fig. 4).  However, in the case of VOx/Al2O3 catalyst, 

its catalytic activity in the ethylene transformation resulted to be 2-3 times higher than 

that in the ethane transformation (Fig. 6c), which is in agreement with the important drop 

in the selectivity to ethylene observed during the ODH of ethane (Fig. 4). 

 Furthermore, in previous comparative studies of undoped and Zr- or Nb-doped NiO 

catalysts for ethane ODH at 350ºC, it was observed that the rC2H4/rC2H6 ratio shows small 

differences between 0.41-0.53 [55], similar to that reported here. However, supported 

vanadium oxide catalysts present rC2H4/rC2H6 ratios between 2 to 10, depending on the 

hydrocarbon feed and the support [16].  

The results presented here clearly explain the higher selectivity to ethylene achieved 

during the ODH of ethane over MoVTeNb-M1 catalysts, and the lower selectivity to 

ethylene achieved during the ODH of ethane over VOx/Al2O3 catalyst, whereas Me-

doped nickel oxide catalysts present intermediate selectivity to ethylene. Accordingly, for 

ethane ODH, the selectivity to ethylene on these catalysts strongly depends on the relative 

reaction rate for ethane and ethylene oxidation. 
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Figure 6. Variation of the ethane and ethylene conversion with contact time, W/F, during 

the oxidation of ethane and ethylene over MoVTeNb-M1 (a), NiSnOx (b) and VOx/Al2O3 

(c) catalysts. Reaction conditions: 400ºC, C2/O2/He: 5/5/90 molar ratio (for ethane or 

ethylene).  

 

Further experiments undertaken in the oxidation of CO (Figure 7) showed that at the 

temperature of this study carbon monoxide was hardly transformed into carbon dioxide 

over MoVTeNb-M1 and VOx/Al2O3 catalysts, which is in agreement with the null CO 

oxidation observed in the ethylene oxidation.  
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Figure 7. Variation of the Oxidation of CO with reaction temperature over MoVTeNb-

M1, NiSnOx and VOx/Al2O3 catalysts. Reaction conditions: 0.5 mol% CO in synthetic 

air; 0.1 g of catalyst; total flow of 50 ml min-1. 

 

However, total conversion of CO into CO2 was observed at the temperature of this study 

over NiSnOx catalyst (Fig. 7). Even more, at temperatures of ca. 125ºC below the reaction 

temperature of this study, the CO conversion had already reached 100%. This is in 

agreement with the no observation of CO in both ethane and ethylene oxidation reaction 

over NiSnOx catalyst, as CO quickly transforms into CO2.  These results are in agreement 

to those previously reported in which the catalytic activity for CO oxidation can be 

explained by the capability to show homomolecular exchange of oxygen, which strongly 

depends on the presence/absence and strength of Me=O bond [56]. In this way, undoped 

and Sn-doped NiO catalysts present rates of homomolecular exchange of oxygen [28] 

higher to those achieved for MoVTeNbO [44] or supported vanadium oxide [57] 
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catalysts.  However, there is no parallelism between the catalytic activity of each catalyst 

for CO oxidation (Fig. 7) and the selectivity to ethylene during the ethane ODH (Fig. 4).   

According to these catalytic results a general pathway can be proposed in the ODH of 

ethane on both MoVTeNb-M1 and VOx/Al2O3 catalysts (Scheme 1a), although values of 

kinetic constants strongly depend on the characteristics of catalysts.  

 

 

Scheme 1. Reaction scheme for the oxidative dehydrogenation of ethane on: a) 

MoVTeNb-M1 or VOx/Al2O3 catalysts; b) on NiSnOx.   

 

Ethane is initially transformed into ethylene (mainly), CO and CO2. In addition, the 

ethylene formed is slowly (MoVTeNb-M1 catalyst) or fastly (VOx/Al2O3 catalyst) 

oxidized into CO (mainly) and CO2, whereas the CO formed does not transform into CO2. 

On the other hand, a slightly different pathway can be proposed in the ODH of ethane on 

NiSnOx catalyst (Scheme 1b). Ethane is directly transformed into ethylene (mainly) and 

CO2 whereas the ethylene formed oxidizes into CO2. In spite of the no detection of CO, 

the appearance of CO as a reaction intermediate in the CO2 formation is highly likely. 
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3.4 Infrared study of adsorbed ethylene  

In order to obtain fundamental knowledge of the processes taken place on the catalyst 

surface, operando IR studies of ethylene and O2 co-adsorption have been performed at 

increasing reaction temperatures from 25ºC to 250ºC (Figs. 8 and 9).  

 

Figure 8. IR spectra of the co-adsorption of ethylene and O2 on MoVTeNb-M1 catalyst 

at increasing reaction temperatures: 25 ºC (red); 100 ºC (green); 150 ºC (blue); 200ºC 

(magenta); 250 ºC light grey (dark green). Cooling down to 25 ºC (highlighted orange 

line). 

 

In the MoVTeNb-M1 sample (Figure 8) a fast desorption of ethylene is observed at 100ºC 

(depletion of the IR band at 1605 cm-1), followed by the absence of additional IR signal 

at increasing temperature, except for a broad band at 1516 cm-1 due to carboxylate 

species, indicating the practically nonexistence of surface catalyzed reaction between 
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ethylene and oxygen, in agreement with the high selectivity of this catalyst in the ODH 

of ethane. After cooling down the IR sample from 250 ºC to 25 ºC, no changes in the 

spectrum is observed, indicating the absence of reaction during the experiment. 

 

 

Figure 9. IR spectra of the co-adsorption of ethylene and O2 on NiSnOx (A) or 

VOx/Al2O3 (B) at increasing reaction temperatures: 25 ºC (red); 100 ºC (green); 150 ºC 

(blue); 200ºC (magenta); 250 ºC light grey (dark green). Cooling down to 25 ºC 

(highlighted orange line). In asterisk bands due to re-adsorption of ethylene.  
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In the NiSnOx sample (Fig. 9A), ethylene is desorbed at 100ºC and new IR bands appear 

at 1576, 1511, 1345 and 1304 cm-1 associated to carbonate /carboxylate species, growing 

in intensity when increasing the temperature. This means a high reactivity of oxygen 

species resulting in the formation of oxygenated species, precursors of COx. Interestingly, 

after cooling down the IR sample from 250 ºC to 25 ºC, re-adsorption of non-reacted 

ethylene (IR bands at 1629, 1375 and 1214 cm-1) [58] is observed, indicating the existence 

of free Lewis sites not involved in the overoxidation reaction. 

Finally, in the VOx/Al2O3 sample (Fig. 9B), ethylene is desorbed at 100ºC, and until 

200ºC no new IR bands are observed. The new bands, which appears at 1584, 1388 cm-1, 

together with bands at 1462 and 1302 cm-1, formed at 250 ºC, are all of them due to 

carbonate species. In contrast with the previous sample, re-adsorption of ethylene on the 

cooled sample is markedly lower, visualized by a small shoulder at 1629 cm-1, indicating 

that almost all sites are involved in the oxidation path.  

This fact may explain the drastic decrease of the selectivity to ethylene observed on the 

VOx/Al2O3 sample when the ethane conversion increases, while this behavior is not 

observed in the NiSnOx sample. In this last case, the coexistence of free Lewis sites not 

involved in the oxidation process, may favor the ethane dehydrogenation path.  

Interestingly, the different IR patterns observed in the different samples, which should be 

related to the reactivity of surface oxygen species, agree with the TPR data. Then, the 

reducibility of active sites is higher in the NiSnOx sample (reduction temperature at 350 

ºC), compared to VOx/Al2O3 (reduction temperature 480 ºC) and finally MoVTeNb-M1 

(reduction temperature 520 ºC). In fact, a Mars van Krevelen mechanism is assumed for 

these types of catalysts, where lattice oxygen participating in the reaction is replenished 

by molecular oxygen species. In conclusion, based on our study, the controlling step 
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dictating the selectivity to ethylene can be ascribed to the reactivity of surface oxygen 

species in each catalyst. 

 

4. General remarks 

In order to explain the catalytic behavior of the studied catalysts, it would be necessary 

to consider not only the crystalline structure of the material but also the nature and 

characteristics of the active centers and the influence of the environment of these active 

center on the selectivity of the studied reaction. Thus, the reducibility of the active center, 

the reactivity of oxygen species on the catalyst surface and the adsorption/desorption 

capacity of reactants and products on the catalyst surface are key aspects to define the 

catalytic behavior of a catalyst [1-9]. 

It is generally accepted that the selectivity to the main reaction products during the ethane 

ODH can be explained by considering a simplified reaction network, with parallel and 

consecutive reactions (Scheme 1a and 1b, in which k1, k2 and k3 are kinetic constants) 

[13-18]. The initial selectivity to ethylene (at low conversion of alkane) is related to the 

k1/k2 ratio while the selectivity to ethylene at high ethane conversions can be related to 

the k1/(k2+k3) ratio. According to the catalytic results during the ethane and ethylene 

oxidation (Figs. 4 to 6), important differences among catalysts can be concluded: i) 

differences in the nature of deep oxidation products; ii) the different k2/k1 ratio for 

catalysts. 

One important difference between NiO-based catalysts and V-containing catalysts is 

related to the nature of deep oxidation products during ethane or ethylene oxidation (Fig. 

5): CO2 for NiO-containing catalyst, and CO/CO2 for V-containing catalysts. This 

behavior can be explained by considering the catalytic performance of these catalysts 
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during oxidation of CO (Fig. 7).  But, in addition, the results of Figure 7 suggest that the 

capability of a catalyst for CO oxidation is not a key factor for developing selective 

catalysts for ethane ODH.  In fact unpromoted NiO and promoted-NiO catalysts are both 

very effective in CO oxidation [24-30], whereas their catalytic performance in ethane 

ODH is completely different. In the case of V-containing catalysts, strong differences in 

the selectivity to ethylene from ethane depending on the support, vanadia content and 

preparation method have been reported, presenting in all cases both CO and CO2 as deep 

oxidation products [17-21, 33-40]. Therefore, there is not a clear parallelism between the 

CO/CO2 ratio and the selectivity to ethylene during the ethane ODH.  

Thus, it was proposed a classification of catalysts for C3-C4 olefin oxidation according to 

the type of metal-oxygen bond and their behavior for CO oxidation [61].  However, this 

classification cannot be completely considered for neither ethylene oxidation nor ethane 

ODH.  

On the other hand, the three catalysts present strong differences in the relative reaction 

rate in ethylene oxidation and in ethane ODH (i.e. rC2H4/rC2H6 ratios in Fig. 6).  Thus the 

rC2H4/rC2H6 ratio decreases as: VOx/Al2O3 (2.58) > NiSnOx (0.21) > MoVTeNb-M1 

(0.072); which explain the differences in selectivity to ethylene at high ethane 

conversions, during ODH of ethane, and which would determine the strong dissimilarities 

in the k2/k3 ratios in Scheme 1. These variations among catalysts are probably due to 

significant differences in their physical-chemical properties. 

Regarding the nature of these catalysts (promoted and/or supported materials), V-sites or 

Ni-sites can be proposed as the active sites for ethane ODH. In each case the presence of 

dopant and/or support strongly modifies the performance of the corresponding pure metal 

oxide, i.e. NiO [26-30], V2O5 [16, 17] or MoO3 [14, 16, 17].  This is due to the 

modifications of active sites providing lattice oxygen species for hydrogen abstraction 
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from ethane [19, 21, 26, 28, 44], which leads to the presence of a higher/lower 

concentration of nucleophilic oxygen species depending on the catalytic system. 

In the case of the Sn-doped NiO catalyst, the presence of the dopant modifies the nature 

of the active centers (as shown by XPS) by increasing the concentration of nucleophilic 

oxygen species (according to the 18O2 isotopic exchange results [28]), in the same way as 

those proposed in NiO catalysts doped with niobium [26, 27]. 

In the case of the VOx/Al2O3 catalyst, the support modifies the characteristics of the active 

sites, favoring the presence of tetragonal VO4 species less reactive than the vanadium 

species in V2O5 [18-22], and also favoring changes in the nature of the oxygen species 

[57]. However, the high concentration of V5+ species (determined by XPS) favors both 

the activation of ethane and ethylene on the same active centers [18-21], resulting in a 

lower selectivity to ethylene at high ethane conversions. In this sense, it has been observed 

that an initial decrease in V5+ species (by treatment with H2) favors an increase in ethylene 

selectivity [21]. In this way, it has been recently proposed that Al2O3-Supported W–V–O 

bronze catalysts [62], presenting isolated octahedral V-species, but with higher V4+/V5+ 

concentration than those observed for conventional supported vanadium oxide catalysts, 

seem to be among the most active and selective catalysts for ethane ODH on supported 

vanadium oxide catalysts. 

In the case of the MoVTeNb-M1 catalyst, its crystalline structure corresponds to a Mo-

based orthorhombic bronze (the so-called M1). In catalytic terms, this catalyst can be 

considered as a monolayer with the active centers on the catalyst surface (in the ab plane), 

which are not strictly a part of the M1 crystal structure [63]. In other words, the M1 phase 

would be the support that enables the formation of a thin active surface layer that contains 

V4+/V5+ in close vicinity to Te4 + oxo-sites [63]. In addition, the presence of Nb atoms in 
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optimized catalysts [33-40] can be related to the elimination of Brönsted sites after the 

incorporation of Nb5+ in the framework of the catalyst [41]. 

In this way, it is observed that during the ethane ODH, MoVTeNbO catalysts are more 

selective to ethylene at high ethane conversions than MoVTeO [44] or MoVO [40] 

catalysts. The concentration of nucleophilic oxygen species in MoVTeNbO-based 

catalysts are higher than those in Nb-free MoVTeO catalysts [44]. Therefore, in some 

way, we can describe MoVTeNb-M1 catalysts as a surface of Mo-V-Te-Nb-O mixed 

metal oxide on the crystalline M1 phase, in which the reaction conditions could modify 

the nature of the surface species, especially V-sites [37, 63]. 

Accordingly, the presence of a promoter (in Sn-doped NiO catalyst), a support (in 

alumina-supported vanadium oxide catalyst), or both (in the case of MoVTeNb-M1 

catalyst) exerts a positive role in selectivity to ethylene during ODH of ethane, by 

modifying the reducibility of the active centers and the nature of the surface oxygen 

species (favoring an increase in nucleophilic species with respect to pure metal oxides). 

However, there is an additional aspect regarding the MoVTeNbO-M1 catalyst that is not 

seen in the other catalysts. This catalyst contains heptagonal channels (a 7-membered 

channel is a micropore with a diameter of ca. 0.4 nm) in which gases smaller than or equal 

to ethane can enter [36].  In fact, and especially for Mo-V-O materials with structure M1 

[36, 62, 63], they have the ability to incorporate ethane and/or ethylene inside the 

heptagonal channels of the M1 phase. 

Thus, the existence of microporosity in M1 phase [37, 64, 65] could explain the results 

of microcalorimetry (achieved at low temperature and high partial pressures of 

hydrocarbon), in which an adsorption energy for the MoVTeNb-M1 higher than those 

observed for the other two catalysts is observed. However, it seems unlikely that this 

confining effect of ethane or ethylene in the pores of the catalyst is carried out at 
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temperatures of 350-400ºC (temperatures used in the oxidation reactions of ethane and 

ethylene), especially considering the molecules moving along the micropores. In fact, the 

catalytic results suggest that the activity and selectivity to ethylene during the ODH of 

ethane is more related to the activation of ethane at the entrance of the pores rather than 

along the micropores.   

In this way, the infrared results of CO or ethylene at low temperature (Fig. 2 and 3) 

suggest a greater and stronger adsorption in the case of the MoVTeNb-M1 catalyst, which 

could be explained by a certain confinement effect of the molecules within the heptagonal 

channels. This does not occur in the other two catalysts. 

Relationship between adsorption and reactivity is difficult to establish, provided that 

additional parameters, such as the reactivity of surface oxygen species, play an important 

role in olefin over-oxidation and accordingly decreases the selectivity in the ODH 

reaction. However, operando IR studies (Figs. 8 and 9) and TPR-H2 data (Fig. 1) showed 

a correlation between catalyst reducibility (i.e. M-O bond strength) and ethylene over-

oxidation asses in the IR work. In this case, a fast overoxidation is observed in the NiSnOx 

sample, exhibiting the lowest reduction temperature in the TPR pattern (320 ºC), followed 

by the VOx/Al2O3 sample (480 ºC), while no over-oxidation is observed in the 

MoVTeNb-M1, which is the catalyst that presented the highest reduction temperature 

(520 ºC). By analyzing the catalytic data for ethane ODH, a drastic decrease in the 

selectivity to ethylene is observed on VOx/Al2O3 catalyst compared to NiSnOx, when the 

ethane conversion increases, while a rather constant selectivity is observed in the 

MoVTeNb-M1 sample.  

We must inform that while a higher over-oxidation ability is observed in the NiSnOx 

sample versus VOx/Al2O3, uncovered surface sites are observed in the NiSnOx sample, 

as determined in the cooling down experiments (Fig. 9A), favoring the selective 
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dehydrogenation path, and resulting in a lower extension of ethylene deep oxidation 

compared to that observed on VOx/Al2O3 catalyst (Fig. 9B).  

Notoriously, and based on IR results of ethylene and oxygen co-adsorption, it can be 

concluded that a fast desorption of ethylene occurs on MoVTeNb-M1 catalyst (Fig. 8), 

without the formation of O-intermediates, during ethylene oxidation.  However, O-

intermediate compounds and carbon oxides, adsorbed on the surface of catalysts, are 

clearly observed on both VOx/Al2O3 and NiSnOx (Fig.9). Accordingly, the catalytic 

results in ethane ODH on these catalysts cannot be directly explained by a weaker 

adsorption of ethylene at low temperature but to the ability of the catalyst to easily desorb 

ethylene in the reaction conditions, which favors a low ethylene oxidation and high yield 

to the olefin. 

According to the density functional theory (DFT) analysis for ethane ODH over M1 phase 

MoVTeNbO mixed oxides, it has been proposed that the high selectivity to C2H4 requires 

O atoms inside the pores, with low tendency to form C-O bonds [66].  Our IR results of 

ethylene and oxygen co-adsorption confirm that MoVTeNbO based catalyst has a very 

low ability to form O-intermediates from ethylene (with very low reactive vinylic H atoms 

[14, 17]) (Fig. 8), and ethylene is easily desorbed at temperatures near to those used in 

oxidation reactions.  However, O-intermediates (and carbon oxides) adsorbed on the 

surface of catalysts have been observed after co-adsorption of ethylene and oxygen when 

using Sn-doped NiO and alumina-supported vanadium oxide catalysts (Fig. 9). 

The low reactivity of ethylene over MoVTeNb mixed oxide catalyst during ethane 

oxidation contrast with the behavior observed on the same catalysts during the selective 

propane oxidation [6, 7, 67-69], since propylene readily converts into O-containing 

compounds. In fact, in the last case, the olefin (C3H6 with allylic H atoms) can be easily 

transformed in Te-containing entities on the surface of the catalyst to form a π-allylic 
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compound [67], intermediate in the selective oxidation of propylene to acrylic acid [6, 7, 

66-69]. 

 

5. Conclusions 

The different catalytic performance of the three most significant catalysts reported during 

the last decades for the oxidative dehydrogenation of ethane to ethylene (i.e. MoVTeNbO 

mixed metal oxides, Sn-doped NiO and Al2O3-supported vanadium oxide) has been 

comparatively studied. This work reports that the differences in the catalytic performance 

in ethane ODH of these catalysts can be related to the strong differences between the 

ethane and ethene oxidation over these catalysts and, especially, to the variable extent of 

the ethylene oxidation. In this sense, the over-oxidation of ethylene is the highest for the 

VOx/Al2O3 catalyst and the lowest for MoVTeNb-M1, with NiSnOx catalyst presenting 

an intermediate behavior. In addition, when considering the reaction rates for ethane and 

ethylene oxidation, a reactivity for ethane oxidation more than 10 times higher than that 

for ethylene oxidation (i.e. rC2H4/rC2H6 ratio is 0.072 at 400ºC) is observed over 

MoVTeNb-M1 catalyst. This contrasts with the other catalysts with rC2H4/rC2H6 ratios of 

0.21 (NiSnOx) or 2.58 (VOx/Al2O3) at the same reaction conditions. These results are in 

agreement with the high selectivity to ethylene achieved over MoVTeNb-M1 catalyst 

(with yield of ethylene of ca. 75%), with the high drop of the selectivity to ethylene 

observed over VOx/Al2O3 catalyst during the ethane ODH when the ethane conversion 

increases (and yield of ethylene up to 10%), or the intermediate behavior observed for 

NiSnOx catalysts (with yield of ethylene up to 30%). 

To understand better these catalytic behaviors, microcalorimetry of adsorption of ethane 

or ethylene, infrared study at low temperature of adsorbed compounds (CO and ethylene) 

and operando IR study of ethylene and O2 co-adsorption (in reaction conditions) were 
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considered. Both the microcalorimetry results and the infrared study at low temperature 

of adsorbed ethylene suggest that MoVTeNb-M1 shows the highest heat of adsorption 

for both ethane and ethylene (with ethylene interacting slightly stronger than ethane) on 

the surface of this catalyst and the higher interaction strength between ethylene and Lewis 

acid sites, respectively. However, VOx/Al2O3 and NiSnOx catalysts present a very low 

interaction with ethane or ethylene at low temperature. 

The different catalytic behavior of these catalysts can be better explained from the 

comparison of ethylene oxidation results and the operando IR studies of ethylene and O2 

co-adsorption experiments.  Thus, a fast desorption of ethylene is observed at higher 

temperatures over MoVTeNbO-M1 catalyst (without any additional IR signal) suggesting 

a nonexistence of reaction between ethylene and oxygen.  In an opposite trend, NiSnOx 

and VOx/Al2O3 catalysts present several IR bands during ethylene/O2 co-adsorption 

experiments (moderate temperatures) indicating the appearance of O-containing 

compounds, which can be transformed into carbon oxides at higher temperatures. The 

medium/low capacity of the NiSnOx active sites to oxidize ethylene is not due to a low 

over-oxidation activity of their sites but to the presence of many free Lewis sites not 

taking part in the ethylene oxidation reaction. In fact, a relatively high formation of 

oxygenated species, precursors of COx, over NiSnOx catalyst has been observed by IR. 

In contrast, the undesired high ethylene oxidation activity of the VOx/Al2O3 catalyst is 

mainly due to the fact that all active sites are involved in both ethane and ethylene 

oxidation with the non-selective oxidation path in ethylene deep oxidation. 

According to the results obtained, the high stability of ethylene on MoVTeNb-M1 active 

sites is not due to a weak adsorption of ethylene but to the scarce ability of its active sites 

to activate ethylene. Although the results presented here suggest that the presence of V4 + 

species (majority in MoVTeNb-M1 and minority in VOx/Al2O3) improves the selectivity 
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to ethylene, it does not seem to be sufficient to explain the catalytic behavior of catalysts 

presenting the M1 phase. In fact, the results obtained for a supported vanadium-

containing hexagonal tungsten bronzes (W-V-O/Al2O3 catalyst [62]), which mostly 

present V4+ species, show a catalytic behavior in ethane ODH better than that of 

VOx/Al2O3 but worse than MoVTeNb-M1. Thus, the catalytic performance of 

MoVTeNbO mixed oxides can be related to the presence of heptagonal channels in M1 

structure (with similar size than the kinetic diameter of ethane/ethylene molecule, ca. 3.8 

Å), in which the H-abstraction of ethane is carried out, in agreement to other authors [36, 

39, 65, 66]. The low specificity to ethylene transformation of isolated V4+ species 

(probably in V-O-Mo pairs inside the heptagonal channels) can be a key factor for 

achieving high selectivity to ethylene. 
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Table 1. Characteristics of catalysts. 

Catalyst VOx/Al2O3 NiSnOx MoVTeNbO-M1 

Composition 

(at. ratio) 

V:Al =  

5.5:94.5  

Ni:Sn =  

92:8  

Mo:V:Te:Nb =  

63:15:11:11   

V or Ni (wt.%) 5.0 66.9 3.8 

SBET (m2 g-1) 144 84 10 

V- or Ni- surface content 

 (1018 atoms m-2) 

4.0 a 8.7 b 1.8 

Heat-treatment Air 550ºC (2h) Air 500ºC (2h) He 600ºC (2h) 

XRD crystalline phases 

detected 

γ-Al2O3 NiO M1c 

Other species present 

(Raman) 

(VO4) and 

(VO4)n species 

SnO2  

nanoparticles 

- 

 

a) Assuming that the cross-sectional area of a molecule of supported V2O5 is 0.201 nm2 

[ref. 59], a monolayer of vanadium oxide completely covering the surface of the support 

should need 4.98 x 1014 molec. V2O5 cm-2. 

b) Assuming that a monolayer of nickel oxide completely covering the surface of a 

support should need 9.7 x 1014 molec. NiO cm-2 [ref. 60].  Considering also a Ni/Sn atomic 

ratio of 92/8. 

c) The presence of M2 (hexagonal bronze) as minority cannot be completely ruled out.  
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Table 2. Comparative results of microcalorimetic measurements. 

Catalyst 
Hydrocarbon  
(HC) 

Heat  
(J/gcat) 

Adsorbed HC 
μmol/gcat 

Heat of adsorption 
(kJ/molHC) 

MoVTeNb-M1 Ethane 1.546   48.6 32 

MoVTeNb-M1 Ethylene 2.072   53.3 39 

VOx/Al2O3 Ethane 1.334 110.7 12 

VOx/Al2O3 Ethylene 1.184 122.9 10 

NiSnOx Ethane 2.004 154.1 13 

NiSnOx Ethylene 1.299 124.8 10 
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Table 3. Catalytic data in the ethane and ethylene oxidation on representative catalysts.a 

Catalyst VOx/Al2O3 NiSnOx MoVTeNb-M1 

Ethane ODH 

Reaction rate of ethane consumption 
(mmolC2H6 gcat

-1 h-1) 
0.68 17.6 2.29 

Reaction rate of ethane consumption per active 
site (mmolC2H6 gactive site

-1 h-1) 
13.7 26.3 60.3 

Reaction rate of ethane consumption per 
surface area (mmolC2H6 m-2 h-1) 

0.09 0.31 6.0 

Reaction rate of ethylene formation 
(mmolC2H4 gcat

-1 h-1) 
0.42 14.9 2.27 

n(C2H6) in ethylene formation b 0.80 0.52 0.88 

n(O2) in ethylene formation b 0.15 0.26 0.22 

Ethylene oxidation 

Reaction rate of ethylene consumption, 
(mmolC2H4 gcat

-1 h-1) 
1.76 3.71 0.17 

Reaction rate of ethylene conversion per active 
site (mmolC2H4 gactive site

-1 h-1) 
35.2 5.55 4.37 

Rate per surface area (mmolC2H4 m-2 h-1) 0.24 0.07 0.44 

    

Relative reactivity ethylene/ethane 2.58 0.21 0.072 

a) Reaction Temperature = 400ºC, Hydrocarbon/O2/He = 5/5/90 (molar ratio); reaction 

rates were determined for conversions lower than 5%; b reaction order in the ethylene 

formation during the ethane oxidation r = k PC2H6
n(C2H6) PO2

n(O2). 
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Caption to Figures 

Fig. 1. TPR-H2 results of catalysts: a) MoVTeNb-M1, b) NiSnOx; and c) VOx/Al2O3. 

Fig. 2. IR spectra of CO adsorption at saturation coverage at -165 ºC on MoVTeNb-M1 

(blue), NiSnOx (black) and VOx/Al2O3 (red). IR spectra have been normalized to 

sample weight and surface area. 

Fig. 3. IR spectra of 43 mbar ethylene adsorbed at 25 ºC on MoVTeNb-M1 (blue), 

NiSnOx (black) and VOx/Al2O3 (red). IR band in the 1600-1630 cm-1 range 

corresponds to the ν(C=C). 

Fig. 4. Variation of the selectivity to ethylene with the ethane conversion at 400 °C in the 

ODH of ethane. Catalysts: MoVTeNb(M1) (▲), NiSnOx (■), VOx/Al2O3 (●). 

Remaining reaction conditions in text.  

Fig. 5. Variation of the selectivity to CO and CO2 with the ethylene conversion, at 400 

(●,▲, ■) and 450ºC (○, Δ, □,), during the oxidation of ethylene over MoVTeNb-

M1  (▲, Δ), NiSnOx (■, □) and VOx/Al2O3 (●, ○) catalysts. Reaction conditions 

in the experimental section. 

Fig. 6. Variation of the ethane and ethylene conversion with contact time, W/F, during 

the oxidation of ethane or ethylene over VOx/Al2O3 (a), NiSnOx (b) and 

MoVTeNb-M1 (c) catalysts. Reaction conditions: 400ºC, C2/O2/He: 5/5/90 molar 

ratio (for ethane or ethylene).  

Fig. 7. Variation of the Oxidation of CO with reaction temperature over VOx/AL, NiSn-

O and MoVTeNb(M1) catalysts. Reaction conditions: 0.5 mol% CO in synthetic 

air; 0.1 g of catalyst; total flow of 50 ml min-1. 

Fig.8. IR spectra of the co-adsorption ethylene and O2 on MoVTeNb-M1 catalyst at 

increasing reaction temperatures: 25 ºC (red); 100 ºC (green); 150 ºC (blue); 
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200ºC (magenta); 250 ºC light grey (dark green). Cooling down at 250 ºC 

(highlighted orange line). 

Fig. 9. IR spectra of the co-adsorption of ethylene and O2 on NiSnOx (A) or VOx/Al2O3 

(B) at increasing reaction temperatures: 25 ºC (red); 100 ºC (green); 150 ºC (blue); 

200ºC (magenta); 250 ºC light grey (dark green). Cooling down at 250 ºC 

(highlighted orange line). In asterisk bands due to re-adsorption of ethylene.  

 

Scheme 1. Reaction scheme for the oxidative dehydrogenation of ethane on: a) 

MoVTeNb-M1 or VOx/Al2O3; b) on NiSnOx. 

 

 

 

 

 

 


