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ABSTRACT: M1 phase MoVTeNb mixed oxides exhibit
unique catalytic properties that lead to high C2H4 yields in
oxidative conversion of C2H6 at moderate temperatures. The
role of the heptagonal channel micropores of the M1 phase in
regulating reactivity and selectivity is assessed here using
reactant size-dependent kinetic probes and density functional
theory (DFT) treatments for C2H6 and cyclohexane (C6H12)
activations inside and outside the micropores. The sizes of
C2H6 and the micropores suggest a tight guest−host fit, but
C6H12 cannot access intrapore sites. Measured C2H6 to C6H12
activation rate ratios on MoVTeNbO are much higher than
those measured on nonmicroporous vanadium oxides (VOx/
SiO2) and estimated by DFT on external surfaces, suggesting
that most C2H6 activations on MoVTeNbO occur inside the micropores under typical conditions. C2H6 exhibits higher
activation energy than C6H12 on VOx/SiO2, consistent with the corresponding C−H bond strengths; the activation energy
difference between C2H6 and C6H12 is lower on MoVTeNbO because micropores stabilize C−H activation transition states
through van der Waals interactions. Product selectivities for C2H6 and C6H12 suggest that the ability of VOx/SiO2 to activate
C−H bonds and resist O-insertion in products is similar to the external surfaces of MoVTeNbO, but the micropores in the
latter oxides are more selective for C−H activation. DFT calculations show that the tight confinement in micropores hinders the
C−O contact necessary for O-insertion. These insights provide guidance for utilizing shapes and sizes of confining voids to
mitigate selectivity limitations dictated by thermodynamics of sequential oxidation reactions and electronic properties of redox
catalysts.
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1. INTRODUCTION

Oxidative dehydrogenation (ODH) of small alkanes provides
an important energy-efficient route to the production of
alkenes that constitute essential building blocks of the chemical
industry.1,2 Mixed bulk oxides of Mo, V, Nb, Te, and other
elements (Sb, Ta, and W),3 arranged in an orthorhombic
crystalline form, known as the M1 phase, catalyze ethane ODH
with exceptionally high selectivity to ethylene at moderate
reaction temperatures.4−9 These oxides also play an important
role in selective formation of acrolein, acrylic acid, or
acrylonitrile directly from a propane feed, instead of the
more conventional propene-based processes.10−14 Relations
among synthesis methods, structures, and catalytic functions of
these solids are being probed extensively.15−24

The M1 phase oxides consist of layers of interconnected
octahedral Mo and V oxo groups stacked along the [001]
direction. The arrangements of octahedra in (001) planes form
pentagonal, hexagonal, and heptagonal rings (Scheme 1),17,25

which lead to one-dimensional pores in the stacked solids. The
pentagonal and hexagonal pores are typically occupied by
cations, and their sizes are smaller than the smallest organic
molecules. In contrast, the heptagonal pores remain at least
partially open and potentially accessible to small reactants.19,26

The numbers and valences of metal cations and oxoanions and
crystallographic analysis of distortions of oxo octahedra via
bond valence sum calculations suggest that the framework
contains a combination of fully oxidized (V5+ and Mo6+) and
partially reduced (V4+ and Mo5+) cations.27

The reactivity of MoVTeNb oxides for ethane ODH has
been attributed to (001) M1 planes28−33 or a combination of
different exposed facets of crystallites.20 Within the (001)
planes, the oxo species connected to V cations were
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determined to be the active sites.31−33 Other more reactive
sites at oxo species connected to Te and surface O-radicals
generated via dynamic reduction and removal of Te atoms
from the lattice have also been proposed.15,21 Differences
between surface and bulk compositions and their influence on
oxygenate selectivity in oxidative conversion of propane have
been reported and attributed to distinct roles of surface
monolayers and underlying bulk structure.34−36 The selective
nature of these oxides toward specific oxidation products has
been attributed to a “site isolation principle,” which proposes
that reactive V5+ cations isolated within a matrix of less reactive
centers prevent overoxidation of products generated at an
isolated site.27,37 Details of how the identified catalytic sites
selectively activate C−H bonds in alkanes and why the alkene
products originated from one isolated site do not undergo
secondary reactions on other isolated sites in the system
remain speculative.
In contrast to the external reactive sites identified for

MoVTeNb oxides, ethane activations on M1 phase MoV
oxides are proposed to occur inside the heptagonal pores.38

These pores are of the same size as the kinetic diameter of
ethane (0.4 nm)38,39 and are accessible to ethane, as
determined from atom-resolved microscopy and adsorption
isotherms, respectively.19,40,41 Ethane ODH rates on MoV
samples of different crystallite sizes were proportional to the
micropore volume and independent of the external area.38 In
spite of identical heptagonal pores in MoV and MoVTeNb
oxides, few studies focused on the catalytic relevance of pores
in the latter material. Moreover, the origin of the selective
nature of ODH reactions within the pores for both types of
oxides has remained unaddressed.
Pores of molecular dimensions in aluminosilicates and other

zeotype materials control reactivity and selectivity via

dispersion forces and steric restrictions that vary with shapes
and sizes of reactants and transition states.42,43 Analogous size
selectivity effects have been achieved via deposition of
molecular-scale sieving patterns of inert overlayers on non-
porous reactive oxides.44 The catalytic effects of the pores of
bulk transition metal oxide crystals and their physical origins
and mechanistic connections to selective hydrocarbon
activation catalysis have not been identified.
Here, we demonstrate the importance of heptagonal

micropores of MoVTeNb oxide in selective C−H activation
using measured rates and density functional theory (DFT)
derived energetics for oxidative conversions of ethane (C2H6)
and cyclohexane (C6H12). The size of C6H12 restricts its
reactions to external surfaces of oxides, but C2H6 molecules
react predominantly within the heptagonal pores, as indicated
by C2H6/C6H12 activation rate ratios that are more than 2
orders of magnitude larger than the ratios on nonmicroporous
silica supported vanadium oxide. C−H activation energies,
selectivity to alkenes, and computed energies and structures of
relevant surface species suggest that micropores tightly confine
C2H6 molecules and stabilize C−H activation transition states
via van der Waals interactions but destabilize undesired O-
insertions due to steric hindrance to proximate C−O contact
in concave pore walls.

2. METHODS
2.1. Synthesis of Bulk MoVTeNb Oxides and

Supported Vanadium Oxides. All metal precursors were
purchased from Sigma-Aldrich and used without further
purification. The MoVTeNb oxides (MoVTeNbO) were
prepared using hydrothermal methods. Ammonium molybdate
tetrahydrate (9.72 g, 81−83% MoO3 basis) was dissolved in
deionized water (75 cm3) at ambient conditions. Vanadyl
sulfate (2.31 g, 97%), telluric acid (2.15 g, 99%), and
ammonium niobate oxalate hydrate (1.99 g, 99.99%) were
added to this solution under continuous stirring, leading to a
dark violet solution with a typical reported composition of
1:0.25:0.17:0.12 Mo:V:Te:Nb atomic ratios.5 After continuous
stirring for 0.5 h, this solution was transferred to a 100 cm3

Teflon vessel, which was sealed in a stainless steel autoclave
and treated at 448 K for 48 h in a preheated muffle furnace.
The solid products were washed with deionized water and
dried overnight in an oven maintained at 373 K. The dried
solids were treated in flowing He (50 cm3 min−1 99.999%,
Airgas) in a tube furnace ramped to 873 at 0.083 K s−1 and
held for 2 h. Another procedure involving slightly different
precursor composition and hydrothermal treatment at 403 K
for 96 h was used for comparison,45 as described in Section S2.
Vanadium oxide dispersed on SiO2 (VOx/SiO2) was

prepared using wet impregnation. Oxalic acid (2.94 g;
Sigma-Aldrich, ≥99%) was dissolved in deionized water (196
cm3) at ambient temperature and ammonium metavanadate
(1.96 g; 99%) was added under continuous stirring to obtain a
solution with 1:1.5:100 oxalic acid:V:H2O molar ratios. SiO2
powder (2.5 g; Sigma-Aldrich (Davisil grade 633, ≥99%, 480
m2 g−1) was added to the solution, and the resulting mixture
was stirred at 373 K for 0.5 h to form a slurry that was dried
overnight at 373 K in an oven and treated in flowing air (50
cm3 min−1) in a tube furnace ramped to 873 at 0.083 K s−1 and
held for 6 h.

2.2. Catalyst Characterization. Powder X-ray diffraction
(XRD) measurements were performed in a Rigaku SmartLab
diffractometer using monochromatic Cu Kα radiation (1.542 Å

Scheme 1. Two Dimensional Polyhedral Representation of
the M1 Phase of MoVTeNbOa

aMo sites and V sites are shown as blue and green octahedra,
respectively (S1−S8, S10, and S11). Nb sites are shown as gray
pentagonal bipyramids (S9). Te sites are shown as orange spheres
(S12).
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wavelength) and scans of 0.05° step sizes. The morphology of
MoVTeNb oxides was inspected using a Zeiss Ultra 55, field
emission scanning electron microscope (SEM) operated at 5
kV acceleration with secondary electron detection. A JEOL
T20 transmission electron microscope (TEM) operating at
200 kV was used to obtain bright field micrographs and high-
resolution TEM images of samples deposited on carbon coated
200 mesh copper grids using ethanol suspensions. N2
adsorption isotherms were measured at 77 K using a
Quantachrome Autosorb iQ2 analyzer after pretreating the
samples in flowing He at 573 K for 3 h. The adsorption data
were used to estimate micropore volumes and determine
external surface areas of crystallites using Brunauer−Emmett−
Teller (BET) analysis. The elemental compositions of the
catalysts were determined using an inductively coupled plasma
atomic emission spectrometer (ICP-AES, Leeman laboratories
PS-1000). Samples were ground using mortar and pestle prior
to XRD, microscopy, and gas absorption measurements.
2.3. Rate and Selectivity Measurements. The catalysts,

as prepared or after mixing with diluent SiO2, were pressed,
crushed, and sieved to retain 106−180 μm aggregates that
were placed as vertical fixed beds in a U-tube quartz reactor
and heated using a resistive furnace (National Element).
Temperatures were measured using a K-type thermocouple
(Omega) placed within a dimple at the reactor wall and set
using an electronic temperature controller (Watlow, EZ-
ZONE). Mass flow controllers (Porter 601 CV Series II)
were used to supply gaseous reactants and He. C6H12 (99.9%,
Sigma-Aldrich) was evaporated into O2/He streams using a
liquid syringe pump (Cole Parmer, Model 100). Samples
(0.07−0.8 g) were heated to reaction temperatures at 0.25 K
s−1 in flowing He prior to the introduction of reactant mixtures
containing C2H6 (99.9%, Airgas; 1−8 kPa) or C6H12 (99.9%,
Sigma-Aldrich; 1−8 kPa), O2 (99.999%, Airgas; 1−15 kPa),
and He (99.999%, Airgas). All the transfer lines were kept
above 363 K to avoid condensation of reactants and products.
An online gas chromatograph (GC, Agilent 7890B) was

used to inject reactor effluents into a carboxen-1000 packed
column (10′, 1/8” tube, 60/80 mesh) to separate CO, CO2,
O2, and HCHO for measurement using a thermal conductivity
detector, and simultaneously into an HP-PLOT Q (30 mm ×
0.32 mm × 20.00 μm capillary) or an HP-1 ms column (30
mm × 0.32 mm × 1.00 μm capillary) to separate C2H6 or
C6H12, respectively, and their other oxidation products, for
measurement using a flame ionization detector. C2H4,
CH3CHO, CO, and CO2 were the only products detected
for C2H6 ODH. Cyclohexene (C6H10), adipic acid (C6H10O4),
cyclohexanone (C6H10O), cyclohexenol (C6H10O), benzene
(C6H6), CO, and CO2 were detected for C6H12 ODH. The
GC response factors of all detected species were determined
via injections at ranges of concentrations relevant to measured
conversions. Carbon balances in all reactions were above 97%
in all measurements. Blank reactors at highest temperature and
conditions representative of kinetic measurements gave
negligible conversions for C2H6 (<0.01%, 733 K, 3 kPa
C2H6, 3 kPa O2 30 cm3 min−1) and C6H12 (<0.1%, 648 K, 3
kPa C2H6, 3 kPa O2 30 cm3 min−1). ODH rates on VOx/SiO2
decreased continuously with time on stream possibly due to
agglomeration of VOx domains (7% and 20% decrease for
C2H6 at 648 K and C6H12 at 603 K, respectively, during the
initial 1 h; Figure S2a). In contrast, rates on MoVTeNbO
samples exhibited an initial increase for C2H6, as previously
reported,41,46 and decrease for C6H12 but were more stable

than VOx/SiO2 at longer times. The kinetic effects of reactant
concentrations on rates were determined by measuring
conversions at a reference condition at regular intervals (3
kPa C2H6 or C6H12, 3 kPa O2, 30 cm3 min−1) to estimate
changes in numbers of active sites that were used to normalize
rates at other conditions at intermediate times.

2.4. Computational Methods and Models. Periodic
density functional theory (DFT) calculations were performed
within the Vienna ab initio Simulation Package (VASP)47−49

using vdW-DF250,51 and PBE52 exchange correlation func-
tionals, plane-wave basis set expansions to 400 eV cutoff
energies, and the projector augmented wave (PAW) method53

to account for electron−core interactions. Spin-polarized
electronic structures were converged self-consistently to energy
differences less than 1 × 10−5 eV between successive iterative
steps. Gaussian smearing was imposed for electron distribu-
tions near the Fermi level (width 0.02 eV), and energies were
extrapolated to zero smearing. The DFT+U corrections
frequently employed for materials with large band-gaps,
which may consistently shift reduction energies without
affecting relevant relative values, were not used because
significant d-electron densities in MoVTeNbO lead to
continuous transition from filled to empty bands without
apparent gaps (density of states shown in Figure S3).54

Scheme 1 shows crystallographically unique metal sites (S1−
S12) contained in a unit cell of the M1 phase;14 previous
computational screening studies concluded that V occupation
site preference in the network of Mo sites follows the order S2
> S3 > S7 > S4 ≈ S1.18 Periodic supercells with a single oxide
layer and vacuum separation between (001) planes and with
two continuous layers were used to represent the external
surface and the bulk of the M1 phase, respectively (Figure 1).

Figure 1. (a) Top and (b) side views of optimized MoVTeNbO
structural model with single layer (Mo28V8Te4Nb4O116) representing
the exposed external surfaces and double layer (Mo56V16Te8Nb8O232)
representing the bulk M1 phase. Blue rectangles represent periodic
supercell boundaries. V-atoms occupy S2, S3 and half of S7 sites
shown in Scheme 1.
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The single-layer model contains 28 Mo, 8 V, 4 Te, 4 Nb, and
116 O-atoms, leading to V:Mo ratios (0.29) near values
measured in catalyst samples (0.27) with complete S2 and S3
and 50% S7 site occupation by V; the double-layer model
contained identical atom positions in each layer. The
respective supercell dimensions were 21.37 × 26.94 × 12.00
Å and 21.37 × 26.94 × 8.12 Å and the first Brillouin zone was
sampled using 1 × 1 × 1 and 1 × 1 × 2 Monkhorst−Pack55 k-
point meshes (Figure 1). Structures of transition states were
determined using nudged elastic band (NEB) calculations56

followed by dimer calculations.57 All structures were optimized
until forces on atoms were less than 0.05 eV.
Vibrational frequencies were calculated via diagonalization

of Hessians generated from two-sided finite differences of
energy gradients obtained by perturbing atoms by 0.01 Å in
Cartesian directions. Enthalpies, entropies, and Gibbs free
energies were determined from ideal gas statistical mechanics
formalisms (details in Section S14).58 Low frequency vibra-
tional modes (<100 cm−1) of weakly bound molecules, which
lead to significant inaccuracies in their contribution to
thermodynamic partition functions, were excluded. They
were replaced by a fraction (0.7) of gas-phase translational
and rotational contributions of these molecules because
experiments suggest that weak adsorbates retain nearly 70%
of their gas phase entropy on oxides.59

3. RESULTS AND DISCUSSION

3.1. Composition and Structure of MoVTeNbO and
VOx/SiO2. The bulk composition of MoVTeNbO determined
from ICP-AES measurements corresponds to a
Mo1V0.27Te0.02Nb0.09 stoichiometry with significantly lower
Te content than the precursor solution (Mo1V0.25Te0.17Nb0.12),
which is consistent with previously reported Te loss during
thermal treatments under some synthesis conditions.60,46 The
VOx/SiO2 samples contain 41% wt. V2O5, based on measured
V concentrations, which corresponds to theoretical surface
densities of 9.6 V/nm2 on SiO2 (480 m2 g−1). These high V
loadings, however, typically exhibit pore blocking, leading to
lower dispersions than theoretical values.61

The XRD pattern of MoVTeNbO shows the most intense
peak at a 2θ value of 22.1° (Figure 2a), which corresponds to
the distance between (001) planes in the M1 phase (0.4 nm).
Other prominent peaks labeled by their Miller indices are
consistent with the orthorhombic M1 phase (ICSD 55097),62

but minor peaks corresponding to a hexagonal M2 phase
(ICSD 55098)62 and a tetragonal M5O14 phase were also
detected (Figure 2a).63 Thus, the synthesized solids contain
the M1 phase together with minority impurity phases and any
undetected minor amorphous impurities. The size of micro-
pores in these impurity phases are much smaller than the
heptagonal pores of the M1 phase and are inaccessible to
ethane molecules, as shown by their atomic arrangements
depicted in Figure S4. Amorphous impurities also cannot
contain ordered micropores that are selectively accessible to

Figure 2. (a) XRD pattern, (b) SEM image, and (c) N2 adsorption isotherm at 77 K for MoVTeNbO samples. Unlabeled peaks in (a) correspond
to positions for multiple Miller indices in the M1 phase. Inset in (c) shows micropore filling at low P/P0 values (0−0.002).
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C2H6. We conclude from these details that the impurity phases
only contribute to external oxide surfaces and any contribu-
tions of micropores to the reactivity originate solely from the
M1 phase. SEM images of MoVTeNbO samples show plate-
and rodlike structures typical of these materials64,65 (Figure
2b). High resolution TEM of crystallites exhibited a 0.4 nm d-
spacing, as shown in Figure S5, which is consistent with the
separation between (001) planes of M1 phase in XRD
measurements (22.1° 2θ in Figure 2a). The XRD pattern of
VOx/SiO2 shown in Figure S14 indicates the presence of V2O5
crystals that do not contain micropores.
N2 physisorption isotherm measured on a MoVTeNbO

sample is shown in Figure 2c. The N2 uptakes increased steeply
with pressure at relative pressures (P/P0) below 10−4 and
reached a local plateau indicative of complete filling of
micropores (inset in Figure 2c).40 The uptake at a P/P0
value of 0.00240 was 0.56 cm3 g−1 (at standard temperature
and pressure), which corresponds to a micropore volume of
7.9 × 10−4 cm3 g−1 and to a micropore internal wall area of 7.9
m2 g−1 for uniform cylindrical pores of 0.4 nm diameter. These
measured pore volumes are about an order of magnitude
smaller than the theoretical values estimated from all
heptagonal pores in the M1 phase,40 suggesting that the
possible blocking of heptagonal pores by metal cations and the
presence of impurity phases decrease the fraction of heptagonal
pores accessible to reactants but do not completely eliminate
it. The uptakes between P/P0 values 0.05 and 0.35 lead to an
external BET surface area of 4.2 m2 g−1 (details in Section S8).
Thus, the magnitudes of external surface areas of MoVTeNbO
samples are similar to the micropore wall areas and each may
contribute to the reactivity of these samples.

Next, we estimate the contributions of the reactive sites in
these internal and exposed surfaces to the C2H6 activation rates
using C2H6/C6H12 rate ratios on microporous MoVTeNbO
and nonmicroporous VOx/SiO2.

3.2. C2H6/C6H12 Rate Ratios on VOx/SiO2 and
MoVTeNbO. 3.2.1. Measured Rate Ratios. The rates of
C2H6 and C6H12 reactions are limited by the activation of C−
H bonds in intact molecules at O-atoms of oxides.66 The
accessibility of O-atoms at external surfaces and inside
heptagonal pores of these molecules on VOx/SiO2 and
MoVTeNbO are shown in Scheme 2. The VOx/SiO2 samples
do not impose size restrictions on reactants; therefore, all
catalytic O-atoms are considered as external sites equally
accessible to C2H6 and C6H12, and the ratio of their activation
rates (rC2H6

/rC6H12
) represents merely the ratio of these rates at

external sites (rC2H6

ext/rC6H12

ext):

r

r

r

r
C H

C H VO /SiO

C H
ext

C H
ext

x

2 6

6 12
2

2 6

6 12

i

k
jjjjjj

y

{
zzzzzz =

(1)

The rC2H6
/rC6H12

values on VOx/SiO2 eliminate the
uncertainties inherent to the identification and quantification
of active sites on oxides and the effects changes in structure
and domain sizes of VOx

67,68 by providing the same sites for
C−H activation steps that limit rates of each reactant. These
factors can influence rates of each reaction, but their effects
nearly cancel in the ratio. Thus, these values represent the
differences between Gibbs free energies of C−H activation at
identical surface O-atoms, which depend on the strength and
the number of weakest C−H bonds in each molecule.66,69 In

Scheme 2. (a) Kinetic Diameters of Reactants,38,70 and Accessibility of Surface Catalytic Sites to Reactants on (b) VOx/SiO2
and (c) MoVTeNbO

Figure 3. Measured (a) C2H6 and C6H12 activation rates on VOx/SiO2 and MoVTeNbO, and (b) C2H6/C6H12 rate ratios on MoVTeNbO relative
to the corresponding values on VOx/SiO2 (648 K, 3 kPa C2H6 or C6H12, 3 kPa O2, 30 cm3 min−1; 0.4% and 1.7% C2H6 and 5% and 8% C6H12
conversions on VOx/SiO2 and MoVTeNbO, respectively).
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contrast, on MoVTeNbO, C2H6 molecules of similar kinetic
diameters as the heptagonal pore sizes (0.4 nm)38 may enter
the pores, while C6H12 molecules with much larger kinetic
diameters (0.6 nm)70 are restricted to external surfaces. Thus,
the numerator of rate ratios on this catalyst includes additional
contribution from sites within the pores (rC2H6

pore):

r

r

r r

r
C H

C H MoVTeNbO

C H
pore

C H
ext

C H
ext

2 6

6 12

2 6 2 6

6 12

i

k
jjjjjj

y

{
zzzzzz =

+

(2)

Figure 3a shows C2H6 and C6H12 activation rates on VOx/
SiO2 and MoVTeNbO at a condition that gave <8%
hydrocarbon conversions (30 cm3 min−1, 3 kPa C2H6 or
C6H12, 3 kPa O2, 648 K). These rates lead to rate ratios that
are much smaller on VOx/SiO2 than on MoVTeNbO (Figure
3b). The absolute value of rC2H6

/rC6H12
on VOx/SiO2 is much

lower than unity (0.0072; Figure 3b) because C2H6 contains
much stronger C−H bonds than C6H12, which activate at a
much lower rate (DFT-derived bond dissociation enthalpy,
BDE, 422 and 408 kJ mol−1 respectively; Table S6). The rC2H6

/

rC6H12
value on MoVTeNbO is near unity despite this

significant bond-strength difference (1.09; Figure 3b). This
ratio is 150 times larger than in VOx/SiO2 (Figure 3b), which
suggests that the rC2H6

pore term in eq 2 has 2 orders of magnitude
larger contribution to the ratios than the values resulting from
bond strength differences at identical external sites; therefore,
most of the C2H6 activations in MoVTeNbO occur within the
heptagonal pores.
A different VOx/SiO2 sample with much lower weight

loading, which results in higher vanadium dispersion, also leads
to rC2H6

/rC6H12
ratios much smaller than unity (0.0055 for 6.5%

wt. V2O5 on SiO2; Table S7). Increased dispersion typically
leads to decreased V2O5 concentrations and increased
abundance of oligomeric and monomeric VOx domains, as
determined from Raman spectra.67,68 Therefore, these data
suggest that rate ratios on oxides without micropores are nearly
independent of dispersion and of concomitant changes in
structure of VOx domains.
Alternative synthesis procedures described in the Supporting

Information yield MoVTeNbO crystals with much higher Te

content than the samples described here (Mo1V0.28Te0.18Nb0.25
and Mo1V0.27Te0.02Nb0.09, respectively; Section S2). Yet, both
samples lead to high C2H6/C6H12 rate ratios, suggesting that
Te atoms, which tend to occupy hexagonal pores instead of the
heptagonal pores and are partially expelled from crystals during
reaction,15 do not significantly alter the role of heptagonal
pores in C2H6 turnovers. These results are consistent with only
a minor role of Te, as indicated by <13% reported rate
enhancements after long times on stream recently attributed to
Te removal observed in electron microscopy.15

3.2.2. DFT-Derived Rate Constant Ratios on External O-
Atoms of MoVTeNbO. The conclusion that C2H6/C6H12 rate
ratios are near unity because C2H6 reactions occur inside
heptagonal pores is assessed next using DFT-derived rate ratios
on external surfaces of MoVTeNbO simulated by the single
layer model shown in Figure 1. The rate-limiting C−H bond
activation energies in alkanes, and consequently the alkane
activation rates, depend on C−H BDE and the H-atom
addition energies (HAE) at O-atoms in oxide catalysts.69,71,72

Activation energies are typically lower at O-atoms with more
negative HAE values, but these values may also be affected by
steric hindrance to accessibility of specific O-atoms to large
molecules. Therefore, HAE values were calculated for distinct
types of O-atoms connected to metal atoms labeled in Figure 1
to identify most reactive sites of each type (HAE values in
Table S2). Among metal atoms at the seven-membered rings
that form the heptagonal pores, the HAE value was most
negative at M1−O−V7 for bridging O-atoms (−269 kJ mol−1)
and at V7 = O for terminal O-atoms (−254 kJ mol−1). Away
from the heptagonal pores, the HAE values were most negative
at Te9 = O (−312 kJ mol−1). The high reactivity of Te = O
may reflect artifacts of the single layer model that eliminates
more stable Te−O−Te−O chains found in bulk MoVTeN-
bO.73 The Te9 = O sites were virtually absent in MoVTeNbO
samples (Mo1V0.27Te0.02Nb0.09) and are known to decrease
during reactions15 but are included here to estimate their
possible contributions to rate ratios when they are present. The
structures of C2H6 and C6H12 activation transition states at
these three O-atoms (M1−O−V7, V7 = O, and Te9 = O)
derived from vdW-DF2 method are shown in Figure 4, and the
corresponding activation energies referenced to gas-phase
reactants and bare surfaces are shown in Table 1. The

Figure 4. vdW-DF2 derived structures of transition states for C−H activation in C2H6 and C6H12 at O-atoms exposed in (001) planes in single-
layer MoVTeNbO. The labels on metal centers reflect atom positions shown in Figure 1.
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electronic energies of activation (ΔETS) at all three surface O-
atoms are larger for C2H6 than C6H12 by 19−34 kJ mol−1,
consistent with the weaker C−H bonds in the latter molecule.
These energies, together with enthalpy (ΔHTS) and entropy
(ΔSTS) calculations (Table 1; details in Supporting Informa-
tion) can be used to estimate ratios of rate constants at external
sites:66,69

k

k

n e e

n e e

( )

( )

S R H RT
C H

S R H RT
C H
ext

C H
ext

C H / /

C H / /
C H

2 6

6 12
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2 6

TS TS
6 12





=
Δ −Δ

Δ −Δ
(3)

where kext values represent C−H activation rate constants at an
external O-atom in MoVTeNbO, nC−H is the number of C−H
bonds in a given molecule (6 for C2H6, 12 for C6H12), R is the
universal gas constant, and the subscripts are used to represent
reactant molecules. These DFT-derived ratios are much
smaller than unity at all three reactive O-atoms on external
surfaces at temperatures of experimental rate ratio measure-
ments (<0.002, T = 648 K; Table 1), suggesting that the
measured values are near unity (1.09, Figure 3b) on
MoVTeNbO samples because C2H6 activation occurs
predominantly in heptagonal pores which are inaccessible to
C6H12.
Thus, experimental evidence based on rate ratio compar-

isons with VOx/SiO2 as well as computational estimates of rate
constant ratios for unconfined molecules at external sites
confirm that C2H6 activation occurs inside the heptagonal
pores of MoVTeNbO. Such confirmations are consistent with
rate measurements in analogous MoV oxides of different
crystallite sizes that led to ODH rates proportional to
micropore volume and independent of external surface
area.39 Next, we examine the elementary steps for ODH and
thermodynamic properties of C−H activation steps occurring
at external surfaces and pores of VOx/SiO2 and MoVTeNbO,
respectively, for C2H6 and at external surfaces of both oxides
for C6H12.
3.3. Elementary Steps in Oxidative Conversion of

C2H6 and C6H12. The primary and secondary products formed
in the oxidative conversion of alkanes and cycloalkanes (C2H6
and C6H12) on metal oxides are shown in Scheme 3. A C−H
activation in these molecules leads to alkyl radicals that

undergo a second C−H activation to form alkenes as the
desired oxidative dehydrogenation (ODH) products. Parallel
and sequential O-insertions in alkyl radicals and alkenes,
respectively, form oxygenates that ultimately oxidize to CO or
CO2.

61,74

A sequence of elementary steps consistent with Mars van
Krevelen redox cycles for the C2H6 ODH on oxides is shown
in Scheme 4.75−78 C2H6 in the reactor feed or H2O formed

with increasing conversion along the reactor bed adsorb at
lattice O-atoms (MO*) in quasi-equilibrated steps (steps 1 and
1′; Scheme 4). Adsorbed C2H6 undergoes an irreversible C−H
activation at an O-atom to form a •C2H5 radical and a surface
OH species; a second C−H activation in •C2H5 forms C2H4
and surface OH pairs (OH/MOH*-C2H4, step 2). Only the
first of these two C−H activations is typically kinetically
relevant.79 The desorption of C2H4 and H2O (Steps 3 and 4;
Scheme 4), and sequential irreversible reactions of O-atoms
from an O2 molecule with O-vacancies (M*; steps 5 and 6;
Scheme 4) complete the catalytic turnover. These steps and
the equilibrium and irreversibility assumptions shown in
Scheme 4 lead to an equation that describes the C2H6 ODH
turnover rate per reactive metal center (M) in the oxide as a
function of C2H6, O2, and H2O pressures (derivations in the
Supporting Information):

r
M

k K P

K P K P K P1 (1 )
k K P

k P

ODH ODH ads C H

ads C H ads H O 2 w H O

2 6

2 6 2

ODH ads C2H6

ox O2 2
[ ]

=
+ + ′ + +

(4)

where the denominator terms represent ratios of concen-
trations of MO*, MO*-C2H6, MO*-H2O, M* and OH/
MOH* surface species to the MO* concentration, in the

Table 1. vdW-DF2 Derived Electronic Energies (ΔETS), Enthalpy (ΔHTS), and Entropy (ΔSTS) Values (648 K, 1 atm), and
Rate Constant Ratios for C2H6 and C6H12 Activations (eq 3, 648 K) at O-Atoms Exposed in (001) Planes in Single-Layer
MoVTeNbOa

O-atom location reactant ΔETS (kJ mol−1) ΔHTS (kJ mol−1) ΔSTS (J mol−1K−1) kC2H6

ext /kC6H12

ext

V7−O−Mo1 C2H6 136 120 −124 8.00 × 10−4

C6H12 110 89 −119
V7O C2H6 139 118 −110 2.11 × 10−4

C6H12 105 79 −106
TeO C2H6 109 90 −114 2.05 × 10−3

C6H12 90 64 −108
aΔHTS and ΔSTS were derived by eqs S22−S32 at 648 K.

Scheme 3. Primary and Secondary Products Formed in
Oxidative Conversion of (a) C2H6 and (b) C6H12

Scheme 4. Proposed Elementary Steps for C2H6 ODH at
Redox Sites on MoVTeNbO and VOx/SiO2

a

aM represents a metal center, which is interpreted as a V-atom in both
catalysts.
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respective order in which they appear in the equation. The k
and K values represent rate and equilibrium constants,
respectively, for steps shown in Scheme 4.
Analogous elementary steps for C6H12 ODH are shown in

Scheme S1, which lead to a rate equation obtained by replacing
PC2H6

in eq 4 with PC6H12
, and including additional denominator

terms accounting for possible adsorption of C6H12 derived
oxygenates at MO* (represented as Kads″ PC6HxOy

; Equation S21).
The radicals formed in step 2 of Scheme 4 (and analogous

step in Scheme S1) can alternatively react with surface MOH*
or MO* species leading to parallel O-insertion steps that limit
selectivity to the alkene products (Scheme 3).74 The alkenes
also undergo O-insertion at surface O-atoms leading to
epoxide or aldehyde products. These parallel and sequential
products, however, form only after the kinetically relevant first

C−H activation required to form the ODH product;74

therefore, their contributions were included in measured
rates to accurately account for primary C−H activation rates.
C2H6 and C6H12 ODH rates on undiluted VOx/SiO2 and

MoVTeNbO samples and on these samples after intrapellet
dilution with SiO2 (1:2 catalyst:diluent weights) are shown in
Figure S1. The rates were independent of dilution beyond the
batch variations (<20%) in MoVTeNbO grinding and pressing
procedures caused potentially by unsystematic changes to
crystallite sizes and pore blocking. The electronic energies of
intermediate structures for the translation for C2H6 molecules
in heptagonal pores are also shown in Figure S6. The barriers
for such translations are much smaller (<10 kJ mol−1) than C−
H activation barriers referenced to the same adsorbed
intermediate (172 kJ mol−1). These results and the reported
independence of C2H6 rates to crystallite sizes in MoV oxides17

Figure 5. Measured C2H6 ODH rates on MoVTeNbO as a function of (a) C2H6 pressure at 3 kPa O2 and (b) O2 pressure at 3 kPa C2H6. Rates
were extrapolated to zero conversion using linear fits to the effect of conversion on rates. Dashed curves represent best regression fits to the form eq
5 after replacement of PC2H6

with PC6H12
.

Table 2. Rate and Equilibrium Constants for C2H6 and C6H12 ODH Obtained by Regression of Measured Rates to the Form of
eq 5 on VOx/SiO2 and MoVTeNbOa

oxide temperature (K) kODHKads (10
−5 V−1 kPa−1 s−1) Kads (10

−2 kPa−1) kox (10
−5 V−1 kPa−1 s−1)

C2H6 ODH
VOx/SiO2 648 0.062 (±0.003) 1.53 (±2.35) 0.21 (±0.06)

673 0.098 (±0.005) −2.16 (±2.62) 0.33 (±0.10
698 0.193 (±0.012) 3.11 (±3.50) 0.57 (±0.20
733 0.354 (±0.021) 1.33 (±3.27) 1.31 (±0.54

MoVTeNbO 648 3.87 (±0.27) 6.73 (±3.76) 52 (±90)
673 6.46 (±0.06) 2.60 (±0.52) 208 (±119)
698 11.7 (±0.2) 0.50 (±0.68) 353 (±249)
733 24.0 (±0.6) −0.83 (±1.23) 565 (±562)

C6H12 ODH
VOx/SiO2 588 5.95 (±0.67) 14.4 (±6.4) 4.58 (±0.73)

603 8.02 (±0.92) 23.1 (±7.0) 7.91 (±1.70)
623 8.57 (±1.69) 11.2 (±10.7) 11.3 (±5.3)
648 15.0 (±0.9) 10.9 (±4.7) 16.7 (±5.7)

MoVTeNbO 603 2.07 (±0.34) 11.1 (±9.2) 2.72 (±1.10)
623 3.62 (±0.40) 9.04 (±6.13) 4.68 (±1.25)
648 5.88 (±0.83) 5.79 (±7.75) 7.62 (±2.60)
673 11.6 (±0.6) 3.94 (±2.76) 14.9 (±1.8)

aUncertainties represent two times the standard deviations.
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suggest that the measured rates are free of transport artifacts
and represent true kinetic limitations on activation of reactants.
The inhibition of reactions by products of oxidative

conversion was probed by measuring ODH rates as a function
of conversion of reactant hydrocarbons varied by changing
residence times, as shown in Figures S7 and S8. Plausible
products inhibiting the reactions by blocking reactive sites may
include H2O and C6 oxygenates (shown by denominator
terms in eq S21). The decrease in C2H6 ODH rates with
conversion (Figure S7) was much weaker than the
corresponding decrease in C6H12 ODH rates (Figure S8).
Such differences in product inhibition may occur because the
H2O molecules formed in both reactions bind weakly to MO*
sites at these temperatures,79 but oxygenates formed in C6H12
oxidations bind more strongly.80 For both reactions, any effects
of product inhibition were removed by extrapolating all rates
measured at <15% conversions to zero conversion (Figures S7
and S8). Therefore, all rates reported henceforth reflect ODH
rates at the conditions of the reactor inlet free from all
products, which simplifies eq 4 to the following form for C2H6
ODH rates:

r
M

k K P

K P1
k K P

k P

ODH ODH ads C H

ads C H 2

2 6

2 6

ODH ads C2H6

ox O2

[ ]
=

+ +
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The C6H12 ODH rates can be described by replacing PC2H6

with PC6H12
in eq 5.

C2H6 ODH rates at zero conversions as a function of C2H6
and O2 pressures on MoVTeNbO at 648, 673, 698, and 733 K
are shown in Figure 5; analogous effects on VOx/SiO2 are
shown in Figure S9. These rates increase linearly with C2H6
pressure and are independent in O2 pressure, which suggests
that surface coverage of species represented by denominator
terms in eq 5 are much smaller than unity at relevant
conditions due to weak alkane binding (Kads ≪ 1 kPa−1) and
rapid nature or reoxidation steps (kox ≫ kODHKads). Regression
of these rate data to the functional form of eq 5 gives rate
constants (kODHKads; Table 2) that represent the Gibbs free
energy of the C−H activation transition state (GTS) relative to

those of uncovered oxide surfaces (GMO*) and gaseous C2H6

molecules (GC2H6(g)
):

k K e eG RT G G G RT
ODH ads

/ ( )/TS TS MO C2H6(g)∼ =−Δ − − −* (6)

C6H12 ODH rates at zero conversions as a function of C6H12
and O2 pressures on MoVTeNbO at 603, 623, 648, and 673 K
are shown in Figure 6; analogous effects on VOx/SiO2 are
shown in Figure S10. The C6H12 ODH rates increased linearly
with C6H12 pressures at low pressures but exhibited
sublinearity at high C6H12 pressures. These nonlinear effects
suggest that adsorbed C6H12 derived species or reduced
centers occupy significant fractions of surface sites at high
C6H12 pressure (eq 5 analog for C6H12). The kODHKads values
obtained by regression of the rate data to the form of eq 5
represent the Gibbs free energies of the C−H activation
transition states with respect to uncovered oxide surfaces and
gaseous C6H12 molecules. The values of rate and equilibrium
constants on VOx/SiO2 and MoVTeNbO are shown in Table
2. Next, we examine the differences in C−H activation
enthalpies and entropies between C2H6 and C6H12 on both
oxides to assess the role of micropores in stabilizing transition
states for C2H6 activation.

3.4. Influence of Pore Environment on C−H
Activation Energy. 3.4.1. Measured Activation Enthalpies
and Entropies. The Gibbs free energy change in eq 6 reflects
contributions from activation enthalpy and entropy (ΔGTS =
ΔHTS − TΔSTS), which can be expressed in the form of the
Eyring-Polanyi equation:81,82

k K h
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ln ODH ads
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k
jjjjj

y
{
zzzzz =

Δ
−

Δ
(7)

where h and kB represent the Planck and Boltzmann constants,
respectively. The ln(kODHKadsh/kBT) values derived from
measured rate constants for C2H6 and C6H12 on VOx/SiO2
and MoVTeNbO (Table 2) are shown as a function of
reciprocal temperatures in Figure 7. The regression of these
data to the form of eq 7 leads to enthalpies and entropies for
C−H activation transition states relative to gaseous reactants,
which are shown in Table 3.

Figure 6. Measured C6H12 ODH rates on MoVTeNbO as a function of (a) C6H12 pressure at 3 kPa O2 and (b) O2 pressure at 3 kPa C6H12. Rates
were extrapolated to zero conversion using linear fits to the effect of conversion on rates. Dashed curves represent best regression fits to the form eq
5.
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On VOx/SiO2 catalysts, activation enthalpy is significantly
larger for C2H6 (78 ± 10 kJ mol−1) than for C6H12 (40 ± 17 kJ
mol−1), consistent with the weaker C−H bonds in the C6H12
(C−H BDE 422 and 408 kJ mol−1; Table S6). The C6H12
activation enthalpy is higher on MoVTeNbO than VOx/SiO2,
suggesting that O-atoms of MoVTeNbO are less reactive due
to weaker H-abstraction ability of its O-atoms. In contrast to
VOx/SiO2, however, C2H6 activation enthalpy (79 ± 5 kJ
mol−1) on MoVTeNbO more closely resembles the C6H12
activation enthalpy (76 ± 9 kJ mol−1), despite weaker C−H
bonds in the latter molecule. The rate ratios examined above

confirmed that most of the C2H6 reactions occur within the
micropores (Figure 3b); thus, the lower activation enthalpy
difference between C2H6 and C6H12 on MoVTeNbO is
consistent with the stabilization of C2H6 molecules by van
der Waals (vdW) interactions with surfaces confining the
molecules within these micropores, as often observed in
zeotype materials.83 The concentrations of active sites within
micropores and the external surfaces on MoVTeNbO are not
identical, which may slightly influence entropy differences
between C2H6 and C6H12 activations derived from Figure 7.
Without accounting for these effects, however, the entropy
losses are larger for C2H6 (relative to C6H12) in MoVTeNbO
than VOx/SiO2, which is consistent with fewer degrees of
freedom for C2H6 transition states confined in pores. The
effects of confinement are probed next using DFT calculations
for C2H6 activation within MoVTeNbO pores.

3.4.2. DFT Estimates for vdW Stabilization of C2H6 ODH in
Pores. The energies of intermediates and transition states for
C−H activation in C2H6 inside a heptagonal pore of bulk
MoVTeNbO (Figure 1, double-layer model) as a function of
reaction coordinate are shown in Figure 8. C−H activations
here transfer H-atoms to the Mo1−O−V7 bridging O-atoms
(Figure 1), which is the most reactive O-atom accessible inside
the pore (HAE = −269 kJ mol−1; Table S2). The energies were
derived using PBE functionals that do not account for vdW
interactions and the vdW-DF2 functionals that incorporate
rigorous empirical vdW corrections. Comparisons of these
methods reveal contributions from vdW stabilization as well as
steric repulsion to tightly confined molecules in heptagonal
pores.
In the initial stable adsorption position inside the heptagonal

pore, the C2H6 molecule is aligned with the plane of an oxide
layer (C2H6 translation calculations in Figure S6). The PBE-
derived adsorption for this structure is slightly endothermic
(ΔEads

PBE = +16 kJ mol−1), suggesting that the heptagonal pore
imposes slight steric repulsion between electron densities in
C2H6 and intrapore surfaces. These repulsions are offset by
stabilizing vdW forces, leading to vdW-DF2 adsorption energy
that is exothermic and more negative than PBE by 76 kJ mol−1

(ΔEads
vdW−DF2 = −60 kJ mol−1). The effects of vdW stabilization

are preserved to a large extent in the C2H6 C−H activation
transition states, which are more stable with vdW-DF2 than
PBE by 55 kJ mol−1 (ΔETS

PBE = +167 kJ mol−1; ΔETS
vdW−DF2 =

+112 kJ mol−1; Figure 8). After C−H activation, the •C2H5
translates within the pore to a position between two oxide

Figure 7. Measured ODH rate constants for activation of the C2H6
(open symbols) and C6H12 (closed symbols) as a function of
reciprocal temperature on VOx/SiO2 (squares) and MoVTeNbO
(triangles). Dashed lines represent best regression fits to the form of
eq 7.

Table 3. Measured Activation Enthalpy (ΔH) and Entropy
(ΔS) for Alkane ODH Reactions on MoVTeNbO and VOx/
SiO2

a

oxide reactant ΔH (kJ mol−1) ΔS (J−1 mol−1 K−1)

VOx/SiO2 C2H6 78 (±10) −251 (±15)
C6H12 40 (±17) −263 (±28)

MoVTeNbO C2H6 79 (±5) −213 (±7)
C6H12 76 (±9) −215 (±14)

aUncertainties represent two times the standard deviations.

Figure 8. PBE and vdW-DF2 derived energies and vdW-DF2 derived structures for adsorbed C2H6 and C−H activation transition state at Mo1−
O−V7 location in heptagonal pores of double-layer MoVTeNbO shown in Figure 1.
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layers, which leads to a further increased stability difference
between the two methods (ΔE•C2H5

PBE = +152 kJ mol−1;

ΔE•C2H5

vdW−DF2 = +62 kJ mol−1; Figure 8). The significant vdW
stabilization at the C−H activation transition state drives most
C2H6 activations to occur within the heptagonal pore, in spite
of abundant external O-atoms in MoVTeNb oxides, as
demonstrated by measured rate ratios and vdW-DF2 derived
activation energies at Mo1−O−V7 that are lower inside the
pores than at external sites on the single-layer external surface
model (112 kJ mol−1, Figure 8; 136 kJ mol−1, Table 1). Such
stabilizations in pores are also consistent with a lower
measured activation enthalpy difference between C2H6 and
C6H12 on MoVTeNbO than on VOx/SiO2 (Table 3; Figure 7)
because C2H6 activation occurs inside the pores of
MoVTeNbO.
3.5. Influence of the Pore Environment on the

Selectivity to ODH Products. 3.5.1. Selectivity at External
Surfaces and Micropores for VOx/SiO2 and MoVTeNbO. The
selectivity to C2H4 (SC2H4

) and other products in C2H6

oxidative conversion at a standard condition (30 cm3 min−1)

and as a function of C2H6 conversion (XC2H6
) for different

C2H6 residence times is shown in Figure 9 (3 kPa C2H6 and
O2, 648 K). The MoVTeNbO samples exhibited much higher
selectivity to C2H4 (96% SC2H4

at 1.8% XC2H6
; Figure 9a) than

VOx/SiO2 (45% SC2H4
at 0.3% XC2H6

; Figure 9a). Furthermore,

the SC2H4
value in MoVTeNbO decreased much less sensitively

with increasing conversion than in VOx/SiO2 (Figure 9b),
consistent with the well-known selective nature of these bulk
mixed oxides and moderately selective nature84 of VOx/SiO2.
In contrast to C2H6 product selectivity trends, the selectivity

to dehydrogenation products of C6H12 (C6H10 and C6H6) are
similar on MoVTeNbO and VOx/SiO2 at standard conditions
(30 cm3 min−1, 3 kPa C6H12 and O2, 648 K; Figure 10a) and
change similarly with conversion (Figure 10b). These trends
suggest that the external surfaces of both catalysts are similarly
selective to ODH products (C6H10 and C6H6), and the high
selectivity for C2H6 ODH on MoVTeNbO is conferred
specifically by some property of the heptagonal pores. The
similar selectivity values at external surfaces may reflect that
V2O5 domains in high loading 41% wt. VOx/SiO2 and

Figure 9. (a) C2H6 conversion and product selectivity at 30 cm3 min−1 flow rate and (b) product selectivity as a function of C2H6 conversion on
VOx/SiO2 (closed symbols in b) and MoVTeNbO (open symbols in b), at 648 K, 3 kPa C2H6, 3 kPa O2.

Figure 10. (a) C6H12 conversion and product selectivity at 30 cm
3 min−1 flow rate and (b) product selectivity as a function of C6H12 conversion on

VOx/SiO2 (closed symbols in b) and MoVTeNbO (open symbols in b), at 648 K, 3 kPa C6H12, 3 kPa O2.
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MoVTeNb oxides contain similar V oxo distorted octahedra as
the most reactive sites for C6H12, but pores impart separate
unique factors to enhance C2H4 selectivity for C2H6 ODH.
Mole balance on products formed in reactions in Scheme 3

suggests that the value of SC2H4
extrapolated to zero conversion

from measured selectivity trends represents the fraction of
primary C−H activations that branch toward C2H4 formation
instead of O-insertion to •C2H5 radicals (near 100% SC2H4

at

zero XC2H6
implies k2/k1 ≪1 in Scheme 3). Similarly, the slope

of selectivity versus conversion plots represents rates of

secondary reactions relative to C2H4 formation (small
−dSC2H4

/dXC2H6
implies small k3/k1 in Scheme 3). The smaller

rates of parallel and sequential O-insertion steps (k2 and k3 in
Scheme 3) relative to the desired dehydrogenation steps (k1),
suggest that pore environments hinder O-insertions. These
possibilities are examined next using DFT calculations.

3.5.2. C−H Activation and O-Insertion Pathways in
Micropores. The vdW-DF2 derived electronic energies and
structures of intermediates and transition states for C−H
activation and O-insertion in C2H6 and C2H4 inside the
heptagonal pores of MoVTeNbO are shown in Figure 11.

Figure 11. (a) vdW-DF2 derived electronic energies and (b) structures of intermediates and transition states for C2H6 ODH, parallel O-insertion
in •C2H5 and sequential O-insertion in C2H4 at O-atoms exposed in heptagonal pores of double layer MoVTeNbO. The labels on metal centers
reflect atom positions shown in Figure 1. Relevant bond distances are listed in Tables S3 and S4.

Table 4. vdW-DF2 Derived Electronic Energies (ΔE), Enthalpies (ΔH), Entropies (ΔS) of Intermediates and Transition States
for C2H6 ODH, Parallel O-Insertion, and Sequential C2H4 O-Insertion at O-Atoms Exposed in Heptagonal Pores of Double
Layer MoVTeNbOa

intermediates or transition states ΔE (kJ mol −1) ΔH (kJ mol −1) ΔS (J mol −1 K−1)

C2H6 ODH and parallel O-insertion
MO*-C2H6 −60 −55 −117
TS1 112 99 −139
MOH*-C2H5 62 63 −98
TS2 76 64 −130
OH/MOH*-C2H4 −18 −13 −106
C2H4 (g) 54 55 18
TS3 91 91 −142
MC2H5OH* 49 62 −149
C2H5OH (g) 94 98 30
sequential C2H4 O-insertion
MO*-C2H4 −50 −43 −124
MOCH2CH2* 102 109 −145
TS4 147 151 −169
MC2H4O* 124 136 −167
C2H4O (g) 148 150 12

aΔH and ΔS were derived by eqs S22−S32 at 648 K.
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Enthalpy and entropy estimates for these species are shown in
Table 4. The •C2H5 radical species formed from C2H6 via C−
H activation at Mo1−O−V7 O-atom (ΔETS1 = 112 kJ mol−1;
Figures 8, 11) undergo a second C−H activation at Mo4−O−
V5 O-atom in another layer of the bulk oxide to form C2H4;
the second transition state energy is much lower (ΔETS2 = 76
kJ mol−1; Figure 11), which is consistent with the assumption
that the first C−H activation is the rate-limiting step in ODH
(section 3.3). The •C2H5 radical can alternatively rebound to a
surface MOH* species to form adsorbed C2H5OH via a
transition state that has a higher energy than the C2H4
formation transition state (ΔETS3 = 91 kJ mol−1; Figure 11).
The external surfaces of oxides tend to exhibit lower electronic
energy barriers for C2H5OH formation than C2H4,

85 yet
ethanol formation rates at typical reaction conditions are lower
than alkene formation due to rapid O2 activation steps that
leave low MOH* concentrations for radical rebound.85 Here,
based on higher electronic energies, C2H5OH formation rates
will be even lower inside the pores, which is consistent with
low k2/k1 values (Scheme 3) suggested by the high measured
selectivity at zero conversion (Figure 9b).
The ODH product C2H4 contains much stronger C−H

bonds than C2H6, which limits its secondary reactions via C−
H activation. The C2H4 molecules can instead undergo rapid
sequential reactions to form either ethylene epoxide or
acetaldehyde.86−88 Each of these two possible sequential
paths requires an initial C2H4 adsorption via C−O bond
formation.86−88 The adsorption energies and the barriers for
subsequent formation of O-inserted products are much lower
than primary C−H activation on oxide catalysts,86−88 which
makes these sequential reactions the most significant limitation
on attaining high selectivity to C2H4.

79 In contrast to
conventional oxides, the electronic energies for C2H4
adsorption inside the heptagonal pores are nearly as high as
the C−H activation barriers (ΔEMOCH2CH2*

= 102 kJ mol−1 ∼
ΔETS1 = 112 kJ mol−1; Figure 11), which together with
increased zero-point vibrational energy due to the additional
C−O bond formation make the adsorbed C2H4 intermediate
less stable than the C−H activation transition state
(ΔHMOCH2CH2*

= 109 kJ mol−1 ∼ ΔHTS1 = 99 kJ mol−1; Figure
11; Table 4). This inhibits the undesired O-insertion steps,
leading to high selectivity in MoVTeNbO heptagonal pores
(k3/k1 ≪ 1 apparent from slopes in C2H4 selectivity trends;
Figure 9b). The transition states for epoxide and acetaldehyde
formation present higher barriers than the C2H4 adsorption
energy (ΔETS4 = 145 kJ mol−1; Figure 11; ΔETS6 = 108 kJ
mol−1, Figure S11), which confirms that these steps are favored
less than C−H activation steps in heptagonal pores.
The hindrance to O-insertion inside heptagonal pores

appears to originate from tight confinement of C2H6 and
C2H4 inside these pores. C−H bond activation requires the
transfer of a small H-atom to the O-atoms within the
heptagonal pores, and therefore, the steric hindrances are
weaker than the benefits of vdW stabilization, as indicated by
lower activation energy at Mo1−O−V7 in the bulk model than
the single-layer external surface model (ΔETS1

pore = 112 kJ mol−1,
Table 4; ΔETS1

ext = 136 kJ mol−1, Table 1). In contrast, the C−O
bond formation in O-insertion steps requires much bulkier
CH2 groups to attain closer contact with concave pore walls
than the reactant molecules, as shown by the top views of
transition states in Figure 11, which significantly enhance steric
hindrances. Indeed, C2H4 molecules adsorb by forming C−O

bonds at the same O-atom sites on external surfaces of
MoVTeNbO with much lower adsorption energy than the
heptagonal pores via configurations that are inaccessible inside
the pores, as shown in the Supporting Information
(ΔEMOCH2CH2*

pore = 102 kJ mol−1, Table 4; ΔEMOCH2CH2*

ext = 14 kJ
mol−1, Figure S12). Thus, the heptagonal pores enhance
selectivity to alkenes by enhancing C−H activation rates and
suppressing O-insertions via a combination of vdW and steric
effects, as summarized in Scheme 5.

The selectivity enhancements imparted by greater enthalpic
stabilization of C−H activation steps in heptagonal pores are in
part offset by fewer degrees of freedom in molecules inside the
pores than outside and lead to greater entropy loss. The
contribution of entropy to Gibbs free energy is greater at
higher temperatures, which favors reactions on external
surfaces. Such effects are evident in the measured MoVTeNbO
to VOx/SiO2 ratios for the C2H6/C6H12 activation rate
constant ratios as a function of temperature shown in Figure
S13. Thus, the selectivity enhancements imparted by pore
environments are more effective at lower temperature, which is
consistent with the high C2H4 yields attained in these materials
at much lower temperatures (∼653 K) than other selective
C2H6 ODH processes (>900 K) and betrays the uniqueness of
the functioning of these materials.1

The insights from experiment and theory capture the
essential role of the structural features of complex MoVTeNb
oxides in selective C2H6 ODH and demonstrate how pore
environments can steer catalytic transformations to enhance
selectivity even beyond those achieved by selecting the best
elemental compositions of metal oxides. The effects of
confinement are well-known in zeotype materials; their
important roles in such mixed oxides were, however, not
fully identified. The current findings strengthen and advance
the previous heuristic concepts of site isolation in mixed oxides
that guided the initial discovery and improvement of mixed
oxides,89 by providing more rigorous molecular connection of
localization and isolation of molecules in pores to the
selectivity enhancement. Such insights may provide important
guidance to the development of improved selective oxidation
catalysts by using dispersion and steric forces as some of the
design parameters.
MoVTeNbO materials have also been studied extensively for

selective oxidation and ammoxidation of C3H8 to oxygenates
and nitriles, respectively.13,32 The C3H8 molecules have slightly
larger kinetic diameters than C2H6,

90 suggesting a tighter

Scheme 5. Influence of Confinement in Heptagonal Pores
on C−H Activation and O-Insertion Steps
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guest−host fit with possible diffusion limitation and restriction
of C−H activation to O-atoms near pore mouths. The product
C3H6 molecules contain weak allylic C−H bonds that readily
undergo C−H activation and subsequent allylic O-insertions,
which may exhibit different site requirements than C2H6
dehydrogenation or O-insertion at the CC bond in C2H4.
The roles of external surfaces and mixed phases of oxides have
been extensively reported for such reactions.89 Even in this
case, the preference for C−H activation in alkanes near pores
or pore-mouths may play a significant role in reactivity and
selectivity because catalysts containing M1 phase oxides can
perform these steps more selectively than other oxides using
the C3H8 feed instead of C3H6. More detailed investigations of
these plausible roles of pores in such selective oxidations in M1
phase containing catalysts will be performed in the future.

4. CONCLUSIONS
The ratio of C2H6 to C6H12 activation rates in oxidative
conversion on microporous MoVTeNbO and nonmicroporous
VOx/SiO2 oxides is used to examine the role of micropores in
ODH catalysis. The rate ratio on VOx/SiO2 is much smaller
than unity, which is consistent with the stronger C−H bond in
C2H6. The rate ratio is significantly higher on MoVTeNbO
than VOx/SiO2, which indicates high C2H6 turnover rates
occur within the pores relative to external surfaces. DFT-
derived rate constant ratios on external surfaces of
MoVTeNbO are also much smaller than unity, which confirms
that external surfaces are not responsible for the experimentally
observed high rate ratio on MoVTeNbO. Kinetic data are
consistent with elementary steps based on Mars-van Krevelen
redox cycles with kinetically relevant C−H activation steps.
The measured activation enthalpy difference between C2H6
and C6H12 is much lower on MoVTeNbO than VOx/SiO2,
which is consistent with DFT-derived activation enthalpies
accounting for van der Waals interactions. This difference
suggests that C2H6 is stabilized by van der Waals interactions
within the pores.
VOx/SiO2 and MoVTeNbO exhibit similar C6H12 oxidation

product selectivities under the same conditions and C6H12
conversion, while for C2H6 oxidation, the selectivity to C2H4
was much higher on the latter oxide. These trends suggest that
external surfaces of both oxides are similarly selective to C−H
activation and O-insertion products, but micropores in
MoVTeNb are more selective to C−H activation products.
The electronic energies for the C2H6 oxidation reaction
pathways confirm that the rate-limiting C−H activation
transition states are stabilized in the micropores, while the
intermediates and transition states involved in O-insertion
reactions are destabilized by steric hindrance caused by
concave curvature inside the tightly confining pores.
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Structural, and Morphological Changes of a MoVTeNb Catalyst
During Oxidative Dehydrogenation of Ethane. ACS Catal. 2014, 4,
1292−1301.
(47) Kresse, G.; Hafner, J. Ab Initio Molecular Dynamics for Liquid
Metals. Phys. Rev. B: Condens. Matter Mater. Phys. 1993, 47, 558−561.
(48) Kresse, G.; Furthmüller, J. Efficiency of Ab-Initio Total Energy
Calculations for Metals and Semiconductors Using a Plane-Wave
Basis Set. Comput. Mater. Sci. 1996, 6, 15−50.
(49) Kresse, G.; Furthmüller, J. Efficient Iterative Schemes for Ab
Initio Total-Energy Calculations Using a Plane-Wave Basis Set. Phys.
Rev. B: Condens. Matter Mater. Phys. 1996, 54, 11169−11186.
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