
Vol:.(1234567890)

Topics in Catalysis (2020) 63:1754–1764
https://doi.org/10.1007/s11244-020-01304-0

1 3

ORIGINAL PAPER

On the Promoting Effects of Te and Nb in the Activity and Selectivity 
of M1 MoV‑Oxides for Ethane Oxidative Dehydrogenation

Daniel Melzer1 · Gerhard Mestl2 · Klaus Wanninger2 · Andreas Jentys1 · Maricruz Sanchez‑Sanchez1 · 
Johannes A. Lercher1,3

Published online: 8 July 2020 
© The Author(s) 2020

Abstract
The pathways of ethane oxidative dehydrogenation and total combustion have been elucidated for M1 phase type Mo–V 
oxide catalysts with different metal composition. The ethane oxidation mechanism is not affected by the presence of Te or 
Nb. Conversely, the selectivity is strongly affected by stoichiometry of M1 catalysts. This is attributed to the facile oxidation 
of ethene to COx upon formation of unselective VOx species in the absence of Te and Nb.
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1  Introduction

Oxidative dehydrogenation (ODH) of ethane is an alterna-
tive route for the production of ethene. The process can be 
operated already at moderate temperatures (300–400 °C) 
in contrast to steam cracking of ethane and is economi-
cally feasible at small scale [1]. MoVTeNbOx mixed metal 
oxide catalysts were found to be highly active and selective 
for the dehydrogenation of ethane [1]. These mixed metal 
oxides contain mostly two crystalline phases [2]; i.e., the 
orthorhombic M1 phase and the pseudo-hexagonal M2 
phase. The M1 phase (ICSD pattern no. 55097) of mixed 
Mo-V oxides has been recognized one of the most active 
and selective catalysts for ethane ODH [3–5].The M1 phase 

is able to activate alkanes by initial abstraction of a hydro-
gen atom [7]. Its catalytic activity was found to linearly 
correlate with the V5+ surface concentration [8]. This led 
to the generally accepted conclusion, that similar to other 
vanadium oxidation catalyst, vanadyl {V5+=O ↔ V4+–O∙} 
surface species are responsible for hydrogen abstraction 
[9]. Among the different possible formulations of the M1 
phase, the Mo–V–Te–Nb mixed oxide has been identified 
as an excellent catalyst for the oxidative dehydrogenation 
of ethane [10]. However, the positive effect of Te and Nb 
is not understood at a level to derive guidance for improved 
syntheses.

The M1 phase exhibits an orthorhombic crystal struc-
ture, with the basal {001} plane formed by edge and corner 
sharing distorted metal–oxygen octahedra (Fig. 1). Repeti-
tive stacking of the unit cell structure in the (001) direction 
results in hexagonal and heptagonal channels parallel to this 
direction. Crystallographic sites S1 to S11 are occupied by 
Mo and/or V. Nb prefers the pentagonal crystal site S9 and 
Te–O units partially occupy six- and seven-membered ring 
positions (S12 and S13 respectively) [11, 12].

It has been shown that the M1 structure allows for some 
chemical flexibility with respect to the nature and oxidation 
state of site occupancies [12–14]. The catalytic activity has 
been attributed to V5+=O species located in the crystallo-
graphic sites S2-S4-S7 [8, 11, 15, 16] and, therefore, higher 
V contents in the crystalline M1 structure have been con-
cluded to increase the probability of a unit cell containing 
an active site.
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The role of reducible Te–O units adjacent to the active 
sites of M1 has been subject of vivid debates for these mate-
rials. It has been proposed that Te–O increases activity by 
enhancing alkane adsorption [17], aiding reoxidation of V4+ 
spent species [18], or participating in the abstraction of first 
H from the alkane [19]. In situ studies combined with theory 
have pointed to electronic effects due to the reduction of Te 
sites as origin of additional catalytic activity [20].

Here, we study the role of the metal composition of M1 
catalysts on the product distribution, activity and selectivity 
in oxidative dehydrogenation of ethane. Recently, we devel-
oped a new synthesis method that enables the preparation 
of phase pure M1 MoV(Te,Nb)Ox with significantly higher 
surface and intrinsically higher density of active sites [21]. 
Using this method, we have prepared a series of high sur-
face area M1 materials with identical V content but different 
Te and Nb concentrations. Detailed kinetic tests of ethane 
and ethene oxidation are combined with bulk and surface 
physico-chemical characterization of MoV(TeNb)Ox with 
the aim of correlating elemental composition to catalytic 
performance in ethane ODH.

2 � Experimental

Synthesis of MoV(TeNb)Ox materials was performed as 
described in a prior contribution [21]. In brief, MoO3, V2O5, 
TeO2, Nb2O5·1.5H2O, citric acid (CA), oxalic acid (OA) 
and mono ethylene glycol (EG) were dispersed in millipore 
grade H2O. The concentration of Mo was fixed at 0.5 mol/l 
and rest of the metal concentrations were varied accord-
ingly to the nominal stoichiometry targeted. The additives 
molar ratio relative to Mo was Mo:CA:EG = 1:0.075:0.075, 
with OA varying with Nb content with a ratio Nb:OA of 1. 
Hydrothermal synthesis was performed in a Premex Reactor 

AG hpm-p stainless steel autoclave at 190 °C and 17.5 bar(a) 
for 48 h. All crude precipitated materials were dried in static 
air at 80 °C for 16 h after hydrothermal synthesis. Precon-
ditioning of the materials to reaction temperatures was per-
formed at 400 °C in flowing N2 for 2 h, with a heating ramp 
of 15 °C/min.

X-ray diffraction analysis were performed on a PANa-
lytical Empyrian or PANalytical X’pert Pro diffractometers 
in a Bragg–Brentano geometry (θ- 2θ-goniometer), using 
copper-Kα radiation and operating at 45 kV and 40 mA. The 
scanning range was 5°–70° 2θ with increments of 0.017°. 
For the quantification of the amorphous content, the metal 
oxide sample was thoroughly mixed with about 10 wt.-% of 
a fully crystalline Rutile (r-TiO2) standard material obtained 
from NIST. Diffractogram and Rietveld analysis was per-
formed using PANalytical Highscore Plus v3 software. 
Quantification of the amorphous content was done according 
to the procedure described elsewhere [6]. Surface areas were 
determined by N2 adsorption at − 196 °C using a Sorpto-
matic 1990 automated surface area and pore size analyzer. 
Prior to the measurements all samples were evacuated at a 
temperature of 250 °C and a pressure of 10–2 mbar for 2 h. 
Surface area was calculated according to the Brunnauer-
Emmett-Teller (BET) method and pore volumes and pore 
size distribution were calculated using the Barrett-Joyner-
Halenda (BJH) model. Error of the measurement is < 1%. 
Elemental analysis was performed on an Agilent 760 ICP-
OES spectrometer. Metal concentrations were determined 
using 281.615 nm (Mo), 311.817 nm (V), 214.282 nm (Te) 
and 313.178 nm (Nb) emission lines. Solid mixed metal 
oxide samples were fused in soda-potash mixture before 
being dissolved in millipore grade water. The morphology 
of M1 phase particles was characterized using a high-resolu-
tion scanning electron microscope 7500F ColdFEG (JEOL) 
operating at an accelerating voltage of 2.0 kV and emission 
current of 10 µA. Working distance was about 8 mm.

The X-ray photoelectron (XPS) measurements were per-
formed by Physical Electronics GmbH, Ismaning, Germany. 
The XPS spectra were obtained in a PHI Quantum 2000 
spectrometer equipped with a 180° hemispherical electron 
analyzer and a Al-Kα (hν = 1486.68 eV) X-ray source pow-
ered at 100 W. Prior the measurements the powder samples 
were evacuated at 25 °C for 2 h. The base pressure in the 
ion pumped analysis chamber was maintained at 5∙10–7 Pa 
during data acquisition. Experimental spectra were fitted by 
a least-squares routine supplied by the instrument manufac-
turer using Gaussian and Lorentzian lines, after smoothing 
and substraction of the S-shaped background. Peak intensi-
ties were used to calculate atomic ratios via normalization 
with atomic sensitivity factors from NIST X-ray photoelec-
tron spectroscopy database. The binding energies were refer-
enced to the value of C 1 s peak from carbon contamination 
at 284.6 eV. The inelastic mean free path (IMFP), and hence 

Fig. 1   Representation of M1 phase viewed along the c-axis direction 
with 13 cation sites as published in [6]. Different colors of polyhedral 
indicate the suggested occupancy of crystallographic sites by differ-
ent metals and oxidation states as labelled
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information depth of the photoelectrons, was calculated 
using the algorithm by Penn et al. [22]. The IMFP is 1.8 nm 
(V) and 2.4 nm (Mo) using MoO3 as model compound for 
M1, in accordance with Heine et al. [23]. These lengths are 
in the range of one M1 unit cell measured along the a or b 
axes and five unit cells along the c axis.

X-ray absorption spectra were recorded at the V K-edge 
on beamline P65 at PETRA III (DESY) in Hamburg, Ger-
many. The electron energy was 6 GeV with a beam current 
of 100 mA. The beam size at the sample was 200 × 300 µm. 
Around 10 mg of the sample was sandwiched between quartz 
wools and packed in a quartz capillary reactor (1 mm outer 
diameter, 0.02 mm wall thickness), and placed on top of a gas-
blower for controlled heating. A double-crystal Si(111) mono-
chromator was used to control the incident photon energy and 
the spectra were recorded with ionization chamber detectors 
in a transmission mode. Linear combination fits of V K-edge 
XANES spectra were done using VOSO4 and V2O5 measured 
spectra as V4+ and V5+ references respectively.

Catalyst performance was tested in a glass-lined, stain-
less-steel tubular reactor with an inner diameter of 4 mm. 
Catalytic activity was tested in a lab scale fixed bed plug 
flow reactor at atmospheric pressure in the temperature 
range of 330–420 °C. The catalyst material was pressed and 
sieved to a size range of 150–212 µm and diluted with SiC 
(mass ratio: 1:5) of the same particle size. Prior to reac-
tion the catalysts were treated 400 °C in flowing N2 for 2 h, 
with a heating ramp of 15 °C/min. The reaction gas feed 
was 50 ml/min of 9.1 mol-% ethane, 9.1 mol-% O2 and 
81.8 mol-% inert. Weight hourly space velocity (WHSV) is 
calculated as follow:

Reactor entry and exit are equipped with silica wool plugs. 
In front of the catalyst bed 200 mg of SiC ensured an axi-
ally homogeneous heat distribution. Feed and product gas 
was analyzed using a Shimadzu GC2014 gas chromatogra-
phy system equipped with TCD and FID detector capable 
of quantifying C2-hydrocarbons and -oxygenates, CO and 
CO2, O2 and N2. The latter was used as internal standard to 
ensure closure of the carbon balance within ± 2%.

3 � Results

3.1 � Effects of Te and Nb Content on ODH Activity 
and Selectivity of High Surface M1‑MoV(TeNb)
Ox

The series of M1-phase catalysts with nominal composi-
tions MoV0.30Te0−0.10Nb0−0.10Ox was prepared as part of the 

WHSV =

F
Total

∗ x
Ethane

∗ �
Ethane

m
cat optimization of a new synthetic method for high surface area 

M1 materials [21]. In this work, we aim to investigate the 
influence of metal composition on the selectivity in ethane 
ODH for high surface area M1-phase catalysts.

Table 1 shows the physico-chemical properties of the 
catalysts as prepared, i.e., dried at 80 °C overnight after 
hydrothermal synthesis. The bulk elemental composition of 
the samples agrees well with the nominal compositions (i.e., 
the ratio of metals used in hydrothermal synthesis). X-ray 
diffraction analysis showed that the materials are mostly 
crystallized M1 phase, with 20–50% of amorphous mate-
rial being present. Broadening of the diffraction peaks is 
frequently observed in this type of materials and it is attrib-
uted to the presence of short range ordered domains with M1 
structure [21, 24, 25]. Therefore, it should be noted that the 
quantification of catalytically active M1 from the XRD data 
underestimates the real concentrations of this phase. In the 
case of the high surface Mo-V binary sample the broaden-
ing of M1 diffraction peaks does not allow for a Rietveld 
analysis and quantification of M1 content (Fig. 2). On the 

Table 1   Physico-chemical properties of as-prepared (dried overnight 
at 80  °C) MoV0.30Te0−0.10Nb0−0.10Ox materials, as reported in refer-
ence [21]

a Rietveld refinement was not possible due to missing long range order

ICP-OES formula BET (m²/g) M1 wt.-% Amor-
phous /
wt.-%

Other phases

MoV0.30OX 97 N.d.a N.d.a N.d.a

MoV0.30Te0.05Nb
0.05OX

59 77 22 None

MoV0.31Te0.05Nb
0.10OX

71 58 40 NbO2

MoV0.31Te0.12Nb
0.08OX

74 52 47 Te0

MoV0.30Te0.10Nb
0.09OX

87 59 40 Te0

Fig. 2   X-ray diffractograms of as-prepared MoV0.30Te0-0.10Nb0-0.10Ox 
mixed oxides, as reported in reference [21]
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other hand, presence of other crystalline phases can be ruled 
out for all the samples, and only trace concentrations below 
2 wt.% (MoO3, NbO2 or metallic Te) were detected in some 
cases.

Prior to catalysis, the materials, synthesized below 
200 °C, were heated up to reaction temperatures in N2. To 
ensure thermal stability, the catalyst was kept at 400 °C 
for 1 h in N2 admitting the ODH mixture and the catalysts 
were analyzed with respect to crystallinity—as quantified 
by XRD—and surface area of the M1 phase materials. As 
it can be seen in Table S1 crystallinity was not significantly 
affected. Specific surface areas were observed to decrease by 
15% in Te and Nb containing samples (from 59 to 50 m2/g) 
and up to 35% for MoV only M1 (from 97 to 63 m2/g).

Catalytic tests detected clear variations in ethane ODH 
activity and selectivity within the investigated range of M1 
phase metal compositions. Figure 3 shows the ethene pro-
duction rates, normalized to the catalyst masses, obtained 
over five different samples. The presence of small concentra-
tions of Te (Te/Mo = 0.05, blue hollow symbols) results in 
the highest ODH rates. The Nb/Mo ratio did not affect the 
ODH rates within the tested range of stoichiometries.

The apparent energies of activation obtained for ethene 
formation were identical, i.e., 76 ± 2.0 kJ mol−1, for all tested 
catalysts. Therefore, we conclude that differences in the rates 
are caused only by differences in the pre-exponential factors 
or the concentration of active sites. This indicates that the 
reaction mechanism of ODH-E is not affected by the chemi-
cal composition of M1 nanocrystals within the tested range, 
but that metal stoichiometry influences the rate constants or 
concentration of active sites.

The chemical composition, however, affected the selectiv-
ity to ethene. Figure 4 shows the selectivities to ethene (A), 
CO (B) and CO2 (C) as a function of ethane conversion for 
the catalysts shown in Fig. 3. Those catalysts with Te/Mo 
ratios lower or equal to Nb/Mo ratios (blue) had the highest 

ethene selectivity up to conversion levels of about 50%. In 
contrast, the catalyst in which Te/Mo was larger than Nb/Mo 
(green) and the one without any Te and Nb (black) showed 
relatively high selectivities to CO and CO2. The differences 
were most significant at high conversions.

In order to study the origin of the effect of Te and Nb 
on the activity and selectivity, we selected two samples for 
further kinetic and physico-chemical characterization: qua-
ternary MoV0.30Te0.05Nb0.05Ox (“Q-M1” in the following) 
showing high activity and selectivity to ethene, and binary 
MoV0.30Ox (“B-M1” in the following) showing comparably 
poor activity and selectivity in ethane ODH.

3.2 � Physicochemical Properties of Quaternary 
and Binary M1 Catalysts

Figure 5 shows scanning electron micrographs of quaternary 
(Q-) and binary (B-) M1 metal oxides. Q-M1 crystallizes 
as bundles of rod-like particles, which is characteristic for 
the anisotropic growth along the c-axis of M1 crystals [26]. 
The B-M1 particles also have the principal morphology of 
the M1 phase, but the length of the rods is smaller and with 
a lower aspect ratio. We speculate that these particles are 
highly defective or have only small M1 domains in agree-
ment with the higher degree of disorder of B-M1 observed 
by XRD.

Chemical composition of surface layers as well as the 
corresponding oxidation states of metal cations were derived 
from X-ray photoelectron spectra. The inelastic mean free 

Fig. 3   Arrhenius plots of the catalytic tests of materials with various 
MoV(TeNb)Ox formulations in the ethane ODH. Reactions condi-
tions applied: T = 330–420 °C, C2H6:O2:inert = 9:9:82, p = 1 bar(a), 
WHSV = 20  h−1

Fig. 4   Ethene (a), CO (b) and CO2 (c) selectivities for various 
MoV(TeNb)Ox formulations in ODH-E. Reactions conditions 
applied: T  =  330–420 °C, C2H6:O2:inert  =  9:9:82, p  =  1.0 bar(a) 
(B-M1), WHSV = 3.6–17.4 h−1



1758	 Topics in Catalysis (2020) 63:1754–1764

1 3

path (IMFP), and hence information depth of the photoelec-
trons is in the range of one M1 unit cell measured along 
the a or b axes and five unit cells along the c axis. Experi-
mental spectra and peak deconvolution are shown in Figure 
S1. Surface concentrations of metal species calculated from 
XPS intensities and their corresponding oxidation states are 
compiled in Table 2.

Although there is a small shift to lower electron binding 
energies of Mo 3d5/2 electrons in the Q-M1 sample com-
pared to B-M1, binding energies values of close to 233 eV in 
M1 [27, 28] and molybdenum oxides [29, 30] are attributed 
to Mo6+. Binding energies of Te 3d5/2 (576.7 eV) and Nb 
3d5/2 (207.3 eV) core levels in Q-M1 are attributed to Te4+ 
[31, 32] and Nb5+ [33, 34] oxidation states. V 2p3/2 spectra 
typically shows two contributions with binding energies at 

516.6 eV and 517.6 eV, attributed to V4+ and V5+, respec-
tively [28, 31, 35, 36]. Interestingly, the surface V4+/V5+ 
ratio as calculated from XPS is close to unity in B-M1, while 
about four times more V4+ than V5+ was observed in the 
layers near the surface of Q-M1. High V4+ surface concen-
trations have been reported before in XPS measurements for 
M1, indicating that likely the majority of V species on the 
lattice surface are V4+ state, while the bulk preserves the 
expected mixed oxidation state for V in M1 [28]. Thus, the 
high surface concentration of V5+ in B-M1 sample needs 
further examination.

While partial occupation of hexagonal channel sites 
(S12 in Fig. 1) with Te in M1-MoVTeNbOx is well-known 
[37], recent STEM [38] and single crystal XRD [39] stud-
ies proposed that those sites in M1-MoVOx can be partially 

Fig. 5   SEM images at differ-
ent magnifications of Q-M1 
(MoV0.30Te0.05Nb0.05Ox, panels 
a and c) and B-M1 (MoV0.30Ox, 
panels b and d) samples

Table 2   Surface metal 
concentrations of MoVTeNbOx 
and MoVOx samples as 
determined by XPS

Orbital Binding energy/eV Assignment Q-M1 Concentration 
(brackets: rel. to Mo)/at.-%

B-M1 Concentration 
(brackets: rel. to Mo)/
at.-%

Mo 3d5/2 232.9 (Q-M1) Mo6+ 23 (1.0) 24 (1.0)
233.0 (B-M1)

V 2p3/2 517.6 V5+ 0.59 (0.02) 1.9 (0.08)
516.6 V4+ 1.8 (0.08) 2.4 (0.09)

Te 3d5/2 576.7 Te4+ 1.0 (0.04) 0
Nb 3d5/2 207.3 Nb5+ 0.23 (0.01) 0
O 1s 530.8 M-Ox 64 (2.8) 66 (2.8)

532.0 M-OH 8.2 (0.35) 6.6 (0.28)
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occupied by V5+ cations. Therefore, the higher XPS V5+/Mo 
ratio found for a high surface area MoV-M1 here is tenta-
tively attributed to the contribution to surface composition 
of V5+ units at the opening of hexagonal channels.

X-ray absorption spectroscopy was used to analyze the V 
oxidation state in the bulk of the oxides. Although the fitting 
of experimental spectra to a linear combination of reference 
spectra V2O5 and VOSO4 references did not satisfactorily 
match all the pre-edge and edge features (Figure S2), the 
analysis allows concluding that both Q- and B-M1 samples 
have a similar estimated V oxidation state of 4.4 (ca. 60% 
V4+ and 40% V5+). Thus, it can be concluded that the bulk 
oxidation state of V in M1 samples with similar V/Mo ratios 
is not affected by the presence of Te and Nb in the concen-
trations studied here. The surface oxidation state, however, 
is dramatically affected.

3.3 � Kinetic Investigations of the Ethane Reaction 
Pathway

Having established the metal composition and oxidation 
states in the surface region of M1 particles, we now aim to 
gain further insight into the kinetics of the ethane oxidation. 
Figure 6 shows the selectivities to ethene, carbon oxides and 
acetic acid as a function of ethane conversion obtained over 
Q-M1 and B-M1 catalysts.

Ethene is the preferred reaction product over the whole 
conversion range tested, although selectivity is generally 
lower on B-M1 than on Q-M1. At ethane conversion lev-
els above 5%, B-M1 displays a CO selectivity significantly 
higher than Q-M1. However, the selectivities extrapolated to 
zero conversion are similar for both M1 catalysts, with only 
about 2–3% higher CO selectivity at expenses of ethene on 
the B-M1 catalyst.

The selectivity to CO in the 0–20% conversion range 
increases in both B-M1 and Q-M1 at the expense of ethene 
and, in a lesser extent, acetic acid.

Further analysis by the Delplot analysis method [40, 41] 
clarifies the origin of the different byproducts in ethane 

ODH. The rank of product formation, i.e., primary vs. 
higher rank products, was established by first and second 
rank Delplots. The first rank Delplot is equivalent to the 
selectivity vs. conversion representation as shown in Fig. 6. 
It clearly shows that C2H4 is a primary product, while the 
rest of the products cannot be clearly classified by extrapola-
tion to X = 0. Therefore, a second rank Delplot is necessary, 
where primary products appear as curves diverging near 0 
conversion. This is clearly the case for acetic acid (Fig. 7) 
and C2H4 (not shown for clarity) on both B-M1 and Q-M1 
catalysts. In the case of CO and CO2, trends also bend at low 
conversions, although extrapolation would lead to a finite Y 
axis intercept. This is characteristic of a stable primary and 
secondary product and implies that a fraction of CO and CO2 
is formed via direct pathways from ethane, without desorp-
tion of any gaseous intermediates. Direct formation of COx 
from alkanes has been also reported in kinetic studies over 
other Mo-V oxidation catalysts [42].

The apparent activation energies obtained for ethene for-
mation over Q-M1 and B-M1 shows that this pathway has 
the lowest barrier, ca. 76 ± 1.2 kJ mol−1, followed by CO2 
(91 ± 3.4 kJ mol−1) and CO formation (120 ± 6.0 kJ mol−1). 
Figure S3 shows Arrhenius type plots of the formation rates 
of ethene, COx and acetic acid in the range of 330–420 °C. 
Due to bending lines in the Arrhenius plot of acetic acid 
formation, it was not possible to derive the activation energy. 
The different activation energies for each of the main reac-
tion products ethene, CO and CO2 imply that the rate deter-
mining steps are different for each of the three products, but 
similar over both catalysts. Virtually parallel lines in the 
Arrhenius plots in Figure S3 indicate that the two catalysts 
studied have identical apparent activation energies for each 
of the reaction pathways of ethane oxidation. This indicates 
that the MoV-backbone of M1 structure is responsible for 
activation of ethane and that the effect of metal composition 
in catalytic performance is only related to the number of 
active sites that are existing on M1 surfaces.

At differential conversions, all products are formed with 
a higher rate on Q-M1 compared to B-M1. This observation 

Fig. 6   Ethane oxidation 
product selectivities obtained 
over Q-M1 (a) and B-M1 
(b). Reactions conditions 
applied: T = 290–370 °C 
(Q-M1), 330–420 °C (B-M1); 
C2H6:O2:inert = 3-9:3-9:82-94 
(Q-M1), C2H6:O2:inert = 9:9:82 
(B-M1); p = 1.5–4.0 bar(a) 
(Q-M1), 1.0 bar(a) (B-M1); 
WHSV = 4.8–19.0 h−1 (Q-M1), 
4.8 h−1 (B-M1)
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holds also true for rates normalized to surface area as deter-
mined by N2 adsorption (Figure S4), since both samples have 
BET values in the same order of magnitude. On the other 
hand, it should be noted that alkane oxidation activity is 
associated to V5+ species [8] and, therefore, the lower rates 
over B-M1, in spite of its higher V5+/Mo fraction, needs 
further examination. We speculate that a large fraction of 
surface V5+ in B-M1 is not associated to structurally active 
surface positions but to VOx inside 6-MR and/or 7-MR chan-
nels [38, 39], although formation of XRD-amorphous VOx 
impurities cannot be ruled out.

3.4 � Kinetics of Ethene Oxidation

In order to understand the differences in selectivity 
observed at ethane conversions above 5% for M1 cata-
lysts with and without Te and Nb components, we studied 
the kinetics of ethene oxidation on B-M1 and Q-M1 sam-
ples. Figure 8 shows selectivities as a function of ethene 
conversion. Carbon oxides and acetic acid were the only 
observed products. Positive Y-axis intercepts indicate 
that carbon oxides and acetic acid are formed via direct 

reaction pathways. Over both catalysts, CO is the main 
reaction product. Constant selectivities of 80% CO and 
18–20% CO2 (with up to 2% selectivity to acetic acid) 
were observed for both catalysts when conversion levels 
exceeded 5% for Q-M1 and ca. 20% for B-M1. At low 
conversion levels, however, significant differences between 
both catalysts exist. The initial selectivity to CO is ca. 65% 
for both catalysts, but selectivity to acetic acid is signifi-
cantly higher in the B-M1 that with Q-M1, indicating that, 
acetic acid tends to be decarboxylated on Q-M1. In any 
case, the high selectivity to CO in comparison to CO2 from 
ethene oxidation further points to a direct COx formation 
route, because acetic acid oxidation is expected to produce 
equal amounts of CO and CO2 [43].

Figure 9 shows that ethene oxidation rates are similar 
over both catalysts in the temperature range of 330–420 °C. 
However, contrary to ethane oxidation, there are pronounced 
differences in overall ethene oxidation barriers over Q- and 
B-M1 catalysts. Apparent EA is 40 kJ mol−1 lower on B-M1 
than on Q-M1 (Table 3). Similar energies of activation for 
the formation of CO and CO2 on each catalyst indicate that 
these products likely have the same rate determining step, 

Fig. 7   Second rank delplots 
for ethane oxidation over 
Q-M1 (a) and B-M1 (b) 
samples. Reactions condi-
tions applied: T = 290–370 °C 
(Q-M1), 330–420 °C (B-M1); 
C2H6:O2:inert = 3-9:3-9:82-94 
(Q-M1), C2H6:O2:inert = 9:9:82 
(B-M1); p = 1.5–4.0 bar(a) 
(Q-M1), 1.0 bar(a) (B-M1); 
WHSV = 4.8–19.0 h−1 (Q-M1), 
4.8 h−1 (B-M1)

Fig. 8   Ethene oxidation 
product selectivities obtained 
over Q-M1 (a) and B-M1 (b). 
Reactions conditions applied: 
T = 330–420 °C (Q-M1 and 
B-M1); C2H6:O2:inert = 3-9:3-
9:82-94 (Q-M1), 
C2H6:O2:inert = 9:9:82 (B-M1); 
p = 2.7–4.0 bar(a) (Q-M1 and 
B-M1); WHSV = 16.9–19.3 h−1 
(Q-M1), 4.8 h−1 (B-M1)
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i.e., ethene activation. The apparent activation energy for 
acetic acid is zero, suggesting that its activation energy of 
formation equals its activation energy of decomposition.

4 � Discussion

The similar activation energies on a series of high surface 
M1 materials with different Te and Nb contents (Fig. 3) 
allow us to conclude that active sites for ethane ODH are 
part of the M1 phase structure that does not directly involve 

Te and Nb. Catalysts containing small concentrations of 
Te (0.05 Te/Mo molar ratio) are more active than the other 
tested compositions, in spite of their similar V content and 
specific surface area. The fact that the reaction rates do not 
increase monotonically with Te content points to a promot-
ing effect rather than adsorption enhancement exterted by 
this specific element. Thus, the higher activity of low-Te 
catalysts is concluded to be associated with a higher active 
site density. Conceptually, this can be caused by (i) the crea-
tion of additional oxygen radical sites in the material by 
partial Te reduction under reaction conditions [44] and/or 
(ii) a higher concentration of V5+ located in active surface 
lattice positions of the M1 framework.

Comparison of the kinetics of ethane and ethene oxida-
tion shows that there are direct pathways for the formation of 

Fig. 9   CO (a), CO2 (b) and 
acetic acid (c) formation rates 
in ethene oxidation over Q-M1 
(blue squares) and B-M1 (black 
circles) normalized to weight 
of catalyst. T = 330–420 °C, 
C2H6:O2:inert = 9:9:82, p = 
4 bar(a), WHSV = 17.1 h−1 
(Q-M1), 4.8 h−1 (B-M1)

Table 3   Apparent activation energies EA and corresponding standard 
deviation for all product formation pathways from ethane and ethene

Values are given in kJ mol−1

Product Reactant

Q-M1 B-M1

Ethane Ethene Ethane Ethene

Ethene 78 ± 1.2 N/A 74 ± 0.19 N/A
CO 120 ± 5.4 140 ± 5.6 120 ± 2.7 100 ± 1.6
CO2 89 ± 2.7 130 ± 3.6 93 ± 2.1 100 ± 3.1
AcOH ~ 0 ~ 0 ~ 0 ~ 0
Overall 80 ± 1.4 135 ± 5.0 78 ± 0.7 92 ± 1.6

Scheme 1   Reaction pathways of ethane oxidation over M1 catalysts
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CO and CO2 both from C2H6 and C2H4. Based on the results 
of our study, the reaction pathways for ethane oxidation on 
M1 catalysts can be drawn as in Scheme 1.

The activation energies for the ethane total oxidation 
pathway are not affected by the presence of Te and Nb for 
ethane (routes 2 and 3 + 6 in Scheme 1), but they are ca. 
40 kJ/mol different for ethene total oxidation (routes 4 and 
5 + 6 in Scheme 1). The higher activation energy of ethene 
oxidation for catalysts containing Te and Nb agrees well 
with their higher ODH selectivity.

The selectivity towards CO2 in ethane oxidation is similar 
on both binary and quaternary catalysts and does not vary 
significantly with conversion. Thus, we conclude that the 
formation of most of the CO2 takes place by a pathway that 
does not involve the ethene intermediate and it likely stems 
from acetic acid oxidation (route 3 + 6 in Scheme 1). Con-
versely, the high CO/CO2 ratio in ethane and ethene oxida-
tion suggests that CO is mainly formed by pathways 2 and 4.

Apparent energies of activation in Table 3 show that 
formation of CO2 has a barrier somewhat lower than CO 
formation. If we assume that CO2 formation Eapp in ethane 
oxidation (ca. 90 kJ/mol for both Q- and B-M1 catalysts, 
Table 3) represents the acetic acid decomposition via route 
3 + 6, it can be concluded that Mo-V-only related M1 sites 
are catalyzing this reaction. Conversely, the ethene oxidation 
rate determining step is the activation of ethene and thus 
the CO and CO2 formation barriers are both reflecting that 
value, regardless of a 4 or a 5 + 6 route of formation. In this 
scenario, the higher selectivity to acetic acid on B-M1 for 
ethene oxidation (Fig. 8) can be attributed to a lower propor-
tion of Mo-V M1-sites catalyzing route 6 in comparison to 
VOx-related unselective sites catalyzing 4 and 5.

Summarizing, the results show that ethane activation is 
intrinsically associated to Mo and V metal sites in the M1 
structure. Oxidation of the acetic acid intermediate is also 
hypothesized to be independent from Te and Nb content. 
However, the reactivity of the ODH product C2H4, is affected 
by the presence of both metals, leading to differences in 
selectivities, especially at medium and high conversions.

ODH activity of M1 phase is commonly ascribed to oxy-
gen radical sites located in the pentameric ensemble of crys-
tallographic sites S2-S4-S7 in Fig. 1 [8, 11, 15, 16]. These 
sites can be occupied by Mo or V in different oxidation states 
in different proportions. Metal occupancy of M1 is affected 
by the synthesis method and by the oxide chemical composi-
tion, including the presence of other metals [20, 45]. B-M1 
and Q-M1 share the same synthesis method and V/Mo ratio, 
so the statistical distribution of S2-S4-S7 metal occupancies 
could be regarded as similar. However, the oxidation state of 
V might differ in the two materials due to differences in the 
overall charge distribution in the lattice due to the presence 
of reducible Te units, as well as by the substitution of Mo by 
Nb in S9 sites. In the “active/inactive” scenario of Mo and 

V occupancies proposed by Grasselli [9], such differences 
would translate into changes in the overall concentration of 
available active sites, explaining differences in rates.

On the other hand, we have observed that the concentra-
tion of unselective sites catalyzing the oxidation of C2H4 to 
COx is affected by the presence of Te and Nb in M1catalysts. 
The synthesis of a highly disordered MoV-M1 catalyst gen-
erated a larger fraction of sites with a low barrier for ethene 
oxidation, thus leading to poor selectivity in the overall 
ethane ODH reaction over this catalyst.

The nature of the species responsible for the direct oxi-
dation of ethene is not clear. Apparent energies of activa-
tion obtained for C2H4 oxidation on B-M1 (Table 3) are in 
the range of those described for supported vanadium oxides 
[46]. By XPS we have detected a high surface concentra-
tion of V5+ species in B-M1 that is not associated to alkane 
activation at the reaction temperatures used here. However, 
given the broad XRD peaks of B-M1 nanocrystalline sam-
ple, it is not possible to determine unambiguously whether 
the facile C2H4 oxidation is linked to VOx impurities present 
on XRD-amorphous synthesis debris or to specific features 
of a binary M1 oxide (for instance, VOx units in the pore 
mouth of 6- or 7-MR).

Thus, the higher ODH activity achieved by high surface 
M1 samples with Te/Mo and Nb/Mo ratios of 0.05 (Fig. 3) 
is attributed to a larger fraction of active sites, induced by 
the overall composition of the M1 lattice and, possibly, elec-
tronic effects of reducible Te species in the vicinity of the 
active sites [44]. The absence or very low concentration of 
unselective sites able to oxidize C2H4 results in a high ODH 
selectivity, and it is suggested to be linked to an optimized 
incorporation of V in the M1 lattice. This can be achieved by 
fine-tuning the synthesis parameters, including the presence 
of certain amounts of Te, Nb, and potentially other promot-
ers, that direct V to occupy active positions and modulate 
its oxidation state.

5 � Conclusions

The presence of Te and Nb in M1-type catalysts affects reac-
tion rates as well as product distribution in oxidative dehy-
drogenation of ethane. Kinetic analysis of ethane and ethane 
oxidation pathways have shown that the reaction mechanism 
of ODH-E is not affected by the chemical composition of 
M1 nanocrystals within the tested range, but stoichiometry 
influences the concentration of active sites. The high olefin 
selectivity of MoVTeNbOx compared to MoVOx M1 is the 
consequence of higher energetic barriers for ethene oxida-
tion in presence of Te and Nb. Tuning the MoVTeNbOx 
metal stoichiometry serves to adjust the Mo and V metal 
occupancy and oxidation state in the M1 lattice. In this way, 
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the formation of VOx unselective sites responsible for the 
facile oxidation of ethene is minimized.
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