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ABSTRACT: Ml-phase MoVTeNb mixed oxides contain V-oxo
species isolated by dispersion in the Mo-oxo framework and one-
dimensional heptagonal micropores that tightly enclose C,Hy4 molecules.
These oxides catalyze C,H, oxidation with C,H, selectivity much higher
than V,0; oxides containing continuous V-oxo domains without
micropores. Here, effects of the structures of VO, domains and of the
micropores on the selectivity are discerned using (i) measured rate
constant ratios and activation barrier differences relevant to selectivity
on the two oxides and (ii) density functional theory (DFT) analysis of
steps mediating C—H activation in C,Hs and C,H; radicals and

C-O formation C-H activation | swer rate ratios imply
s ks Higher C,H, selectivity

p-e VO,/Si0, _
- (Measured) _--
I 1027 g

. N
kczm 1k CyHg = X
: t CERE e S
1 " ;e MoVTeNbO ~
. =N\ 3 = (Measured)
.A\‘ '» <

H . MoV TeNbO pores
Mo-O-V  kc,u, /kc,n, <1 1

o
b

800K 600K
o ke, ~exp[— AGc_g — AGe_y Y A 4
MoV TeNbO = exp RT 1000/T (K1)

unselective C—O bond formations in C,H; radicals and C,H, molecules

on (001) surfaces of both oxides and in pores of MoVTeNb oxides. The DFT-derived values of kinetic parameters representing
C,H, selectivities and activation energy differences between C,H, formation and C—O bond formation steps on V,05(001) are
similar to measured values. In contrast, for MoVTeNDb oxides, the DFT-derived selectivity inside the pores is much higher than
measurements, while that on the (001) surfaces is much lower, suggesting that measured selectivity represents contributions
from C—H activations inside the pores and unselective steps inside pores as well as on (001) surfaces. The selectivity on (001)
surfaces is similar in V,0 and MoVTeND oxides, indicating that the isolation of V-oxo domains within this surface leads to only
small changes in selectivity, while the pores lead to much higher selectivity. The descriptors of the selectivity trends on such
transition metal oxide surfaces are derived by examining C,H, epoxidation and C,Hs C—H activation transition-state energies
and molecule-surface van der Waals (vdW) interactions and steric forces that influence these energies on a variety of O atoms
with different electronic and structural properties on (001) surfaces and inside the pores. High C,H, selectivity requires that the
O atoms in oxides exhibit lower tendency to form C—O bonds in C,H, than to activate C—H bonds in C,H,, which depends
strongly on the H atom addition energies of oxides and O atom coordination. V,—O—V tri-coordinated and V—O—V or V-0—
Mo bridging O atoms require significantly greater energy penalty than V=O terminal O atoms for the metal—oxygen
framework distortions required for forming C—O bonds; these distortion energies reflect steric hindrance to forming C—O
bonds, which leads to higher epoxidation transition-state energy and indicates higher C,H, selectivity in tri-coordinated and
bridging O atoms. The high selectivity inside the heptagonal pores originates from the inaccessibility to terminal O atoms in
addition to much stronger vdW interactions and more significant steric distortion energies in tight pores. These analyses suggest
that H atom addition energies, vdW interaction energies, and catalyst distortion energies are relevant descriptors of selectivity
for both intrapore and external O atoms.

1. INTRODUCTION

Metal oxides containing vanadium atoms are among the most
important catalysts for oxidative dehydrogenation (ODH) of
light alkanes." These oxides have been prepared and studied in
diverse forms with vanadium-oxo species dispersed on
nonreducible or reducible oxides,” > are present as cations
formed by replacing protons in aluminosilicates®™® or
incorporated within the ordered framework of crystalline
oxides,”™'* and exhibit varying structural, electronic, and
catalytic properties. Many vanadium-containing oxides show
significant selectivity to C,H, in C,H¢ oxidative conversions.
The selectivity at a given conversion typically increases with
increasing reaction temperature, which leads to greater than
50% single pass yields in some oxides but only at high
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temperatures typically above 973 K.'° In contrast to other
vanadium-containing oxides, MoVTeNb and MoV mixed
metal oxides with an M1 crystal phase exhibit high selectivity
and yield to C,H, even at temperatures below 673 K,
indicating that these crystals exhibit properties that are distinct
from those achieved by changing compositions in other
vanadium-containing catalysts.

C,H4 ODH requires two C—H bond activations, but the
selectivity to C,H, is limited by the formation of oxygenates,
CO and CO,, either directly from C,Hg or via sequential
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reactions of C,H,.'® The oxygenated products require at least
one critical C—O bond formation step that may occur with or
without concomitant C—H activations. These oxidative
conversions are mediated by Mars—van Krevelen redox cycles
with kinetically coupled steps involving reduction of the oxide
catalyst by H atom addition or O atom removal at surface oxo
species and reoxidation of reduced sites by O,.'” Isotopic
scrambling measurements suggest that the first C—H bond
activation in C,Hy on vanadium oxides and the O—O bond
activation in reoxidation of reduced sites are irreversible.'® The
reoxidation steps, however, are rapid and kinetically irrelevant,
as indicated by reaction rates independent of oxygen
pressure,'®'” which makes C—H activation the rate-limiting
step. As a result, oxides that exhibit more negative energy for
addition of an H atom to lattice O atoms are more reactive for
ODH.ZO,Z]

The catalytic properties that influence C,H, selectivity are
less well resolved than those describing ODH rates.”” Acid—
base strengths of oxides,”** the presence of electrophilic
oxygen species,”””” involvement of terminal and bridging
oxygens,” or isolation of active sites'® has been proposed to
influence selectivity but often without significant molecular-
level analysis of relevant elementary steps. A wide range of
vanadium-containing oxides has been used to probe C—H
activation steps using density functional theory (DFT).”>*"~*°
The parallel and sequential oxidation steps leading to
oxygenated products, however, were probed mainly in only a
tew types of supported VO, monomers in SiO,, clusters and in
a periodic V,04(001) surface.”

The MI-phase oxides consist of crystals that contain one-
dimensional pores originating from stacking of layers with rings
of five, six, or seven metal atoms (typically Mo or V).>**° The
diameter of seven-membered ring pores is similar to the
molecular size of C,H,.>” Studies on these materials tend to
propose involvement of either VO, or TeO, species on the
surfaces of crystals in the most active sites and emphasize on
the dynamic and disordered nature of these sites during the
course of experiments®®~** or the isolated nature of VO, in the
octahedral arrangement of MoO, groups.” In contrast,
measurements on MIl-phase samples of different crystallite
sizes have shown that C,H, ODH rates depend on micropore
volumes and not on external surface areas, suggesting that
reactions instead occur inside the ordered seven-membered
ring micropores.”® DFT studies on MIl-phase oxides of
MoVTeNb and MoVO forms have probed the arrangements
of framework V and Mo atoms and effects of proximity of V
centers on the stability of the oxide””*”*® and reactivity of
different sites in cluster and periodic models via calculations of
C—H activation energies or reactivity descriptors such as H
atom addition energy to the O atoms.””*%**™>* Terminal V=
O O atoms, V=O—Mo bridging O atoms, and terminal Te=0
atoms have been suggested as the most active sites, and the
reactivity of Te==0 sites is shown to be enhanced by vicinal V-
oxo species.””****7>% These studies have not probed the role
of pores of the M1-phase oxides and are essentially restricted
to analyses of C—H activation or ammoxidation steps; steps
limiting the selectivity to dehydrogenated products have not
been performed.

Our recent measurements showed that ODH rate ratios of
C,H; to cyclohexane (C4H;,) on MI catalysts are up to 2
orders of magnitude larger than ratios measured on vanadium
oxides and ratios derived from DFT at identical active sites at
outer surfaces in the M1 phase.”* Since the size of C,Hy is

sufficiently small but that of C4Hy, is too large to enter the
seven-membered ring micropores of MoVTeNb oxides and
vanadium oxides do not contain such well-defined micropores
to exclude C4H;,, these molecular size-dependent rate data
confirm that C,Hg activation occurs predominantly inside the
micropores. Differences between C,Hy and C4H,, activation
enthalpies on M1 oxides and vanadium oxides without
micropores, and DFT calculations suggested that C,Hg
transition states inside the tightly confined pores are stabilized
significantly by van der Waals (vdW). The high C,H,
selectivity in these oxides was attributed to this vdW
stabilization for C—H activation and steric hindrance to
undesired C—O bond formation steps inside the tight pores,>*
without the determination of kinetic parameters relevant to
selectivity and rigorous comparison of such parameters on
different types of O atom species accessible on external
surfaces. These molecular size-dependent kinetic probes and
DFT-based analyses and proposals about the role of pores
suggest that selectivity in alkane oxidation, which were earlier
considered from the perspective of elemental composition and
corresponding electronic properties of catalysts, can also be
modified by structures and sizes of confining voids.

Here, we use DFT to analyze structural and reactive
properties of different types of lattice O atoms in V,04(001)
and MoVTeNbO catalysts. Plausible steps that activate C—H
bonds in C,Hy and form oxidation products from C,Hj;
radicals and C,H, molecules are calculated and compared on
O atoms involved in three different catalyst models (i) on a
two-layer V,04(001) surface, (ii) inside MoVTeNbO seven-
membered ring pores, and (iii) on one-layer MoVTeN-
bO(001). These calculations and mole balance analysis for
the effects of C,Hg conversion on measured C,H, selectivity
are used to define kinetic parameters relevant to selectivity and
establish which DFT-derived activation barrier differences are
relevant to measured kinetic parameters. The disparate effects
of subsurface oxide on C—H activation and C—O bond
formation barriers are also analyzed. We show that the
preference for forming epoxide over acetaldehyde from C,H,
on M=0O terminal O atoms is greater than that on bridging
M—-0O-M O atoms, which changes the identity of transition
states relevant to selectivity on these different types of lattice
oxygens. Tri-coordinated V,—O—V and bridging V—O—V and
V—O—Mo O atoms are more resistant to oxidation of C,H,
than the terminal O atoms. The absence of accessible terminal
O atoms as well as the tight-confinement effects contributes to
the high C,H, selectivity in pores of MoVTeNbO. The H
atom addition energies at the lattice O atoms, van der Waals
components of interaction between molecules and solids, and
energies of distortion of crystalline framework of the catalyst to
accommodate transition states are determined to be important
energy-based descriptors that explain the effects of O atom
coordination as well as pore confinement effects on wide
varieties of lattice O atoms.

2. METHODS

2.1. Computational Methods. Periodic density functional
theory (DFT) calculations for C,Hy and C,H, conversions on
M1-phase MoVTeNDb oxides and V,0O5 oxides were carried out
using Vienna ab initio Simulation Package (VASP).”>™>’
Exchange correlation functionals based on generalized gradient
approximation with empirical van der Waals corrections
included within the functional (vdW-DF2)***” and without
such corrections (PBE)*® were employed. Plane-wave basis
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sets used to approximate wave functions of valence electrons
were included up to a 400 eV kinetic energy cut-off. The
interactions of valence electrons with atom cores were
described by the projector augmented wave method.”" All
calculations were spin-polarized. Gaussian smearing was
imposed for electron distributions near the Fermi level (widths
of 0.02 eV for MoVTeNbO and 0.01 eV for V,0;), and
energies were extrapolated to zero smearing. The differences
between the numbers of spin-up and spin-down electrons were
not specified for the results reported here, but the effect of
specifying these values to singlet, triplet, and quintet
multiplicities on some calculations including bare catalyst,
C—H bond activation, and C—O bond formation transition
states was tested and found to be less than S kJ mol™" (Section
S1, Supporting Information). The spin multiplicities for all
intermediates and transition states and spin distribution maps
for some are also shown in Tables S5, S7, and S9 and Figures
S12 and S13 (Supporting Information). The DFT + U method
was not used because the Hubbard U interactions tend to
result in lower H abstraction barriers than experiments for
model metal oxide systems.”” The electronic structure was
converged until the difference in energies between successive
steps was less than at least 1 X 107 eV. Geometries of reactive
intermediates and transition states were optimized until the
forces on atoms were less than 0.05 eV.

The V,04(001) surface was simulated using a two-layer slab
model with 12 V atoms and 30 O atoms in each layer and a
11.16 A vacuum gap between bilayers in the [001] direction.
The size of this supercell for this model was 11.64 X 10.81 X
20.00 A3, which was determined by relaxing the bulk V,0j
lattice using PBE functional (details in Section S2, Supporting
Information). A unit cell for the M1 phase contains 28 Mo, 8
V, 4 Te, 4 Nb, and 116 O atoms in each layer of the layered
oxide used in this work.*”*® The model for bulk M1-phase
oxides consists of two identical layers along the [001] direction
without a vacuum gap between layers, leading to 21.37 X 26.94
x 8.12 A® orthorhombic supercells. These dimensions were
determined by choosing a unit cell from crystallographic
measurements " and relaxing it symmetrically to determine the
size that leads to the most negative energy per unit cell for PBE
functional (details in Section S2, Supporting Information).
The location of Mo, V, Te, and Nb atoms in the unit cell was
chosen from the most stable configurations determined in a
previous computational study.”” This computational work
screened a large number of possible V locations to determine
the tendency of V atoms to be dispersed within the MoO,
framework and exhibited reasonable consistency with inter-
pretations of V atom distributions from Z-contrast measure-
ments in atom-resolved microscopy and Rietveld refinement
studies.’”*”** A second model used to represent the
MoVTeNbO(001) surface consists of a supercell with one
layer of the M1-phase unit cell and a vacuum region of 10.94 A
along the [001] direction to separate the layers for access to
reactants, leading to supercell dimensions of 21.37 X 26.94 X
15.00 A’ Effects of adding a second layer to the
MoVTeNbO(001) model on steps most relevant to selectivity
were probed using a 21.37 X 26.94 X 19.06 A® supercell shown
in Figure S2 (Supporting Information).

The first Brillouin zone was sampled using 2 X 2 X 1,1 X 1
X 2,and 1 X 1 X 1 Monkhorst-Pack k-point meshes® for
V,04(001), MoVTeNbO pores, and MoVTeNbO(001),
respectively, based on relative supercell dimensions and
direction of the vacuum region. The atomic arrangements

and bond distances are described in more detail in Section 3.1.
The long-range interactions among neighboring slabs for
V,04(001) and MoVTeNbO(001) models were corrected
using dipole moments along the [001] direction and by
subtracting the classical dipole interactions among these layers
from the calculated DFT energies.”® The nudged elastic band
method was used to determine minimum energy paths
connecting reactants and products along the potential energy
surface (PES).”” The structures near the maxima on these
paths were then used to calculate transition states using the
dimer method.*®

Enthalpies, entropies, and Gibbs free energies were
determined using the electronic energies derived from DFT
and the ideal gas statistical mechanics formalisms (details in
Section S$3). Vibrational frequencies were obtained via
diagonalization of Hessians generated from two-sided finite
differences of energy gradients obtained by perturbing each
atom by 0.01 A in Cartesian directions of optimized
structures.”” Such perturbations were performed for all atoms
of reactive molecular species and for one and two transition
metal atoms (M) for reactions at the M=O terminal atom and
M—-O-M bridging O atom, respectively, along with the
terminal or bridging O atoms involved in the reactions.
Contributions from low-frequency vibrational modes, which
lead to significant errors in enthalpy and entropy values, were
replaced by a fraction (0.7) of the translational and rotational
values from relevant gas-phase molecules.”’ Low frequencies
were taken to be 100 cm™' for steps involving C—O bond
formation and 60 cm™ for other steps because these cutoffs
lead to entropy differences between the kinetically relevant
transition states that closely match measured C,H, selectivities
on V,0; and were kept consistent for all catalyst models. Rate
cons7t1a;12ts were determined using the Eyring—Polanyi equa-
tion"

k—kBT ex —A—G# —kBTe as? ex —AH#
P *P R P RT

(1)

where T is the temperature, k is the rate constant, kg is the
Boltzmann constant, h is the Planck constant, and R is the
universal ideal gas constant. AG?, AS?, and AH? represent
Gibbs free energy, entropy, and enthalpy differences between
transition state and relevant precursor, respectively.

2.2. Experimental Methods and Catalyst Character-
ization. A brief description of the procedures used for the
synthesis and characterization of catalyst samples and rate
measurements is provided here; more detailed descriptions can
be found elsewhere.”* A supported vanadium oxide catalyst
was prepared by adding SiO, powder to an aqueous solution
with 1:1.5:100 oxalic acid/ammonium metavanadate/H,O
molar ratios under continuous stirring on a hot plate, drying
the resulting slurry at 373 K for 2 h in an oven, and treating the
solids in flowing air in a tube furnace ramped to 873 K at 0.083
K s7! and held for 6 h. This procedure led to VO,/SiO,
samples with 41 wt % of V,0;, which corresponds to a high
theoretical surface density of 9.6 V nm™> based on the surface
area of the SiO, powders used.”* XRD measurements,
however, showed that samples contained V,0Oj crystals and
possibly much smaller amounts of more dispersed VO,
domains.>* The surface area of VO,/SiO, samples determined
from multipoint Brunauer—Emmett—Teller (BET) analysis
was 353 m® g'. Unsupported V,O5 samples were also
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prepared to detect if the presence of dispersed VO, domains
significantly modified the kinetic parameters on 41 wt % VO,
SiO, samples. These samples were prepared by treating
ammonijum metavanadate in flowing air (50 cm® min™!) in a
tube furnace heated to 773 K at 0.083 K s! and held for 3 h.”
The XRD measurements in these samples showed ortho-
rhombic V,05 crystals, and the BET surface area was 8.1 m*
g~'. The measurements of rate constant ratios relevant to C,H,
selectivity on V,04 and comparisons to 41 wt % VO,/SiO, are
shown in Section S19 (Supporting Information); these data
suggest similar values of rate constant ratios in the two types of
samples.

MoVTeNbO samples were prepared by hydrothermal
treatment of aqueous solution of ammonium molybdate
tetrahydrate, vanadyl sulfate, telluric acid, and ammonium
niobate oxalate hydrate with 1:0.25:0.17:0.12 Mo/V/Te/Nb
atomic ratios in a sealed Teflon vessel inside a stainless steel
autoclave at 448 K for 48 h. The solid products were collected
from the vessel, washed with deionized water, and dried
overnight in an oven at 373 K. The dried solids were treated in
flowing helium in a tube furnace ramped to 873 K at 0.083 K
s~ and held for 2 h to form final products. The internal area of
seven-membered ring micropores considered to be cylinders of
0.4 nm diameters and the external surface area of MoVTeNbO
samples, determined from N, physisorption measurements and
BET analysis, was 7.9 and 4.2 m* g~!, respectively.”* These
samples contained 1:0.27:0.02:0.09 Mo/V/Te/Nb atomic
ratios as determined using inductively coupled plasma atomic
emission spectroscopy. X-ray diffraction (XRD) measurements
exhibited peak positions consistent with the crystal structure of
the M1 phase, along with minority M2 and MO, phases that
do not contain pores large enough for ethane to enter.”* The
samples showed a plate- and rod-like morphology upon
inspection under a scanning electron microscope.54 Alternative
MoVTeNb sample preparations with near-complete purity of
the M1 <phase as well as Ml-phase MoV samples were
prepared.”®”* These alternative catalysts lead to similar values
of rate constant ratios relevant to C,H, selectivity as the
sample described here.”*

Rate and selectivity measurements for C,Hg-O, reactions
were carried out on pressed, crushed, and sieved catalyst
samples with 106—180 pum aggregate sizes in a U-tube quartz
reactor with plug-flow hydrodynamics and electronic control
for temperature and flow rates of gases. The reactor effluents
were analyzed using a gas chromatograph equipped with a
carboxen-1000 packed column and an HP-PLOT Q_capillary
column and with thermal conductivity and flame ionization
detectors.”* The effect of C,H, conversion on rates and C,H,
selectivity was measured at isothermal conditions at different
temperatures (648 to 733 K, 3 or S kPa C,H,, 3 or 5 kPa O,,
balance He). Samples were heated to reaction temperatures at
025 K s7' in flowing helium prior to the introduction of
reactants.

3. RESULTS AND DISCUSSION

3.1. Structures and Reactivity of O Atoms in V,05 and
MoVTeNbO Models. 3.1.1. Atomic Arrangements, Bond
Distances, and Interlayer Distances. Optimized structures
and bond distances in models used to represent VO, /SiO, and
MoVTeNbO catalysts are shown in Figure 1. The VO,/SiO,
samples are represented by the most stable (001) surfaces of
orthorhombic V,0Os crystals’>*® because a high V loading
sample was used and this phase was detected in XRD

20.00 A

11.64 A (e)

Mo ©
v ©
Te ©
Nb ©
o o

15.00 A

26.94 A

Figure 1. (a) Top view and (b) side view of the V,04(001) surface,
(c) top view of MoVTeNbO, (d) side view of bulk MoVTeNbO with
two layers in the supercell, and (e) side view of one-layer
MoVTeNbO(001) surface. Side views in (d) and (e) show cross
sections at the dashed gray line in (c). Gray circles and cylinders
represent heptagonal pores. O atom sites are labeled by serial
numbers 1-3 for O atoms in V,05 and 4—20 for O atoms in
MoVTeNbO (O atoms at locations 7, 11, 15, and 18 are under the
labeled metal atoms).

measurements.”* This oxide contains layers of interconnected
distorted V-oxo octahedra with terminal (V=0), bridging
(V—=0-V) and tri-coordinated (V,—O—V) O atoms labeled 1,
2, and 3, respectively, in Figure la. The terminal O atoms are
much closer to V atoms in one layer (V=0 bond distance of
1.61 A, Figure 1b) than the adjacent layer (2.84 A, Figure 1b),
consistent with the absence of covalent bonding between the
layers that are held together by van der Waals (vdW)
interactions. The distances of bridging O atoms to two V
atoms are 1.81 A each, while the tri-coordinated O atoms have
a 1.91 A distance from two V atoms and 2.07 A from a third O
atom (Figure la). The distance between O atoms in nearest
pair of identical V=0 terminal bonds is 3.39 A (Figure 1b).
The V-0 distances in the bulk V,05 model were 1.61 and
1.79 A for V=0 and V—O-V sites, respectively, while the
distances involved in V,—O—V are 1.90 and 2.04 A, suggesting
that no significant changes in structural parameters occur when
bulk oxide is cleaved to create surfaces. The surface energy
determined from electronic energy differences between bulk
and surface models is 0.172 J m™%, which is about an order of
magnitude smaller than typical surface energies of most stable
surfaces of precious metals such as Pt(111) and indicates small
energy penalties for disrupting interlayer vdW interactions to
create surfaces.”

The framework of the M1 phase for the mixed oxides
consists of layers of distorted octahedra of Mo- and V-oxo
species, in which Nb and Te atoms preferentially occupy
pentagonal and hexagonal rings, respectively.”® The numbers
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of V and Mo framework atoms used here correspond to a V/
Mo ratio of 0.29, which is similar to the 0.27 ratio determined
from elemental analysis of the catalyst samples used in kinetic
measurements. The locations of framework V atoms in the
model used here were chosen based on the most stable sites
identified in a previous computational study,”” which leads to a
structure with many distinct types of terminal, bridging, and
tri-coordinated O atoms, some of which are labeled 4 to 20 in
Figure Ic. For the optimized structure of the bulk oxide, the O
atom distances from metal atoms in terminal V=0, Mo=0,
and Nb=0 bonds are 1.64, 1.75, and 1.80 A, respectively
(Figure 1d). The differences among these distances are
consistent with trends in ionic radii of V°*, Mo®, and Nb**
ions.”” The respective distances of the terminal O atoms from
V, Mo, and Nb atoms in the adjacent layers (2.42, 2.32, and
2.26 A, respectively, Figure 1d) are much larger than those of
the M==0 bonds but shorter than corresponding distances in
V,0; (2.84 A), which suggests that these oxides have shorter
separations and stronger interactions between layers. The O
atoms connecting Te atoms have even less asymmetric
distances of 1.92 and 2.14 A from atoms in two adjacent
layers, consistent with the formation one-dimensional Te—O—
Te—O chains that lead to some covalent bonding across
layers.”® The bridging O atoms within a layer consist of V—O—
Mo and Mo—O—Mo bridges with V—0O and Mo—O distances
ranging from 1.8 to 2.1 A (Figure 1c). The Nb and Te atoms
in the rings exhibit 2.1—2.2 A distances from bridging O atoms
(Figure 1c).

MoVTeNbO(001) surfaces are formed by the separation of
layers at vdW contacts for terminal O atoms of other cations
and the disruption of longer of the two types of covalent bonds
in Te—=O—Te—O chains. This separation decreases the shorter
Te—O bond distances to 1.80 A in Te=0 in the (001) surface
model from 1.92 A in the bulk oxide (Figure le). The terminal
V=0, Mo=0, and Nb=0 bond distances exhibit a more
modest decrease to 1.61, 1.70, and 1.72 A from 1.64, 1.75, and
1.80 A, respectively. The surface energy for the MoVTeN-
bO(001) plane is 0.251 J m™%, which is larger than V,04(001)
despite the less dense porous structure of the layers because O
atoms in the MI-phase oxides exhibit greater interlayer
interactions. The one-layer (001) surface with vacuum
resembles periodic surface models previously used to represent
MI-phase catalysts®” but with different specific locations of V
atoms in the framework. The absence of additional layers
below the (001) surface in such models may introduce artifacts
in reactivity at Te=O sites due to disruption of the interlayer
covalent bonding but may cause less significant disruptions for
other terminal O atoms due to their longer distances from the
next layer in the bulk oxide. The Te sites in M1 catalysts
decrease in concentrations during reactions, which does not
influence the ODH rate over long reaction times,""”**’
suggesting that their disruptions caused only minor changes to
catalytic properties or relevant active sites. The terminal O
atom nearest to V=0 is a Mo=0 site with a distance of 3.61
A, much larger than the 3.39 A distance between V=0 pairs
in V,04(001) (Figure 1b,c). The nearest V=0 pair O atom
distance in MoVTeNbO is 6.60 A (Figure 1c).

3.1.2. H Atom Addition Energy (HAE) at Lattice O Atoms.
Lattice O atoms with stronger H abstraction strength (i.e.,
more negative HAE) tend to be more reactive for C—H bond
activation because activation energies exhibit Bronsted—
Evans—Polanyi-type near-linear degendence on reaction
energies for elementary steps.””°>*"** HAE values also often

correlate with O atom removal energies relevant to C—O bond
formation reactions because both H addition and O removal
depend on the band gap and energies required to place
electrons in empty d-bands.*>”*

HAE values for some types of O atoms on V,0; and
MoVTeNbO derived from vdW-DF2 are shown in Table 1,

Table 1. vdW-DF2-Derived HAE Values (without Zero-
Point Energy Corrections) in V,05 and MoVTeNbO at
Different O Atom Locations in Figure 1

HAE (kJ mol™)
O atom location ~ V,04(001) MoVTeNbO pores MoVTeNbO(001)
1 —286
2 —-273
3 =275
4 —256 —269
S —241 —254
19 —267 -309
20 —231 —257

while those for a more complete set of sites along with
comparisons to PBE and PBE-D3BJ*® methods are shown in
Tables S2—S4 (Supporting Information). The vdW-DF2-
derived HAE at V=0 sites of V,0,(001) is —286 kJ mol™’
(site 1, Figure la; Table 1), which represents a significantly
stronger H abstraction strength than V—0O—V and V,—0-V
sites (HAE values of —273 and —275 kJ mol™" for sites 2 and 3,
Figure la). This suggests that the terminal O atoms are the
most reactive sites on V,04(001). The vdW-DF2-derived HAE
values for terminal and bridging O atoms of MoVTeN-
bO(001) located at the heptagonal pores (sites 4 to 17, Figure
lc) range from —203 to —269 kJ mol™"' (Table S3). The HAE
among these sites is most negative for a V—O—Mo bridge-
bonded O atom (—269 kJ mol™!, Table 1; site 4, Figure 1c)
and less negative for a vicinal V=0 O atom (—254 kJ mol™},
Table 1; site S, Figure 1c), suggesting that bridge-bonded O
atoms are more reactive than terminal O atoms in M1-phase
catalysts. The more negative HAE at bridge-bonded O atoms
than terminal O atoms is consistent with recent hybrid-DFT
and DFT + U studies on M1-phase MoVO oxides without Te
and Nb elements.** The vdW-DF2-derived HAE values for V—
O—Mo and V=0 O atoms in the MoVTeNbO bulk model at
sites 4 and S are —256 and —241, respectively. The bulk
models exhibit less negative absolute values than the (001)
models but similar relative values for different types of sites
near the heptagonal ring. The HAE values for Nb=0 O atoms
in Ml-phase models are less negative than V—O—Mo sites
(Table 1), suggesting that these species do not contribute
significantly to reactivity. The HAE for Te—O sites are
substantially less negative in bulk than in the (001) model
(HAE values of —267 and —309 kJ mol™" in pores and (001),
which represent the artificial nature of the Te=O species
formed by cleavage of —Te—O—Te—O— chains. The Te sites
preferentially located in the smaller six-membered rings are
inaccessible to reactants in the bulk and unstable at surfaces in
ODH conditions.*"””*" The mobility of Te atoms have been
suggested to be linked to reactivity of MoVTeNbO oxides, but
Te elusion from the crystals has also been correlated to
decomposition of the oxide to denser phases,79 which links it
to stability rather than reactivity and selectivity. We previously
considered the possible role of Te=O sites in ethane
activation by comparing measured ethane/cyclohexane rate
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Figure 2. Measured C,H, selectivities in C,H4-O, reactions as a function of conversion on (a) VO,/SiO, and (b) MoVTeNbO at different reactant
pressures (3 kPa C,Hg and 3 kPa O,, squares; 3 kPa C,H, and S kPa O,, circles; S kPa C,H, and 3 kPa O,, triangles) and temperatures (648 K,
black; 673 K, blue; 698 K, green; 733 K, orange). Dashed curves represent best fits to the form of eq 6.

ratios on MoVTeNbO to DFT-derived values determined on
Te=0 sites. Such ratios were predicted to be 2 X 107 based
on DFT, but the measured values were near unity, which
suggested that Te=0O sites cannot account for the measure-
ments and most of ethane activations instead occur inside the
pores. In this work, we have compared the selectivity at Te=0
sites to other sites and found that these Te=0 sites will lead
to lower selectivity than the V—O—Mo sites inside the pores,
as shown in Section S20 (Supporting Information). HAE
values for PBE and PBE-D3BJ methods show small differences
but same general trends as the vdW-DF2 (Tables S2—S4).

These structural details and HAE values reveal that active
sites in V,Oj5 are stronger H abstractors than M1-phase oxides
and that the terminal O atoms are the strongest H abstractors
in V,045(001) (HAE = —286 kJ mol™ at site 1, Figure 1),
while bridging O atoms are stronger abstractors in pores of
MoVTeNbO (HAE = —256 k] mol™ at site 4). The
elementary steps for conversion of C,H¢ and C,H, via C—H
activation and C—O formation were probed at both terminal
and bridging O atoms using HAE as a guidance for most
reactive sites but also considering the different extent of steric
hindrances or radical—surface interactions™' that may stabilize
the transition state to different extent than trends predicted
solely from HAE. Reactions on V,04(001) were probed on the
V=0 terminal atoms (site 1, Figure la), and some
comparisons were made with the V—O—V bridging O atom.
On MoVTeNbO surface and pore models, these steps were
calculated on V—O—Mo bridging O atoms (site 4, Figure 1c)
as well as the V=0 terminal O atoms (site S, Figure 1c). Next,
we describe measured rate constant ratios relevant to
selectivity, which are then compared with DFT calculations
for the models described here.

3.2. Measured Rate Constant Ratios and Activation
Barrier Differences Relevant to C,H, Selectivity. The
effects of reactant pressure and temperature on C,Hy and
C¢H,, oxidation rates and selectivity on the 41 wt % VO,/SiO,
samples and the MoVTeNbO samples with minority impurity
phases without heptagonal channels were measured and
reported previously.”* Unsupported V,05 and MoO; samples,
1.5 wt % VO,/Si0,, 11%V0,/Si0,, and essentially pure forms

28173

of Ml-phase MoVTeNbO and MIl-phase MoVO catalysts
were also prepared, and analogous rate and selectivity
measurements were performed.” In all these catalysts, the
ethane conversion rates are in the first order in ethane pressure
and zero order in O, pressure, consistent with kinetic details
typical of alkane dehydrogenation via Mars—van Krevelen
cycles. All VO,/SiO,, V,05, and MoO; samples lead to C,H,/
CgHj, activation rate ratios much less than unity (below 0.025
at 3 kPa C,Hg or C¢H;,, 3 kPa O, and 648 K) when
normalized by the same number of active sites for both
hydrocarbons’* because reactions are mediated by C—H
activations and C¢H;, has weaker C—H bonds than C,Hq,
leading to higher rates in the denominator.”* The low C,H,/
C¢H,, ratios are consistent with DFT-derived activation
energies and rate constants predicted at 648 K for both
molecules activating on the same O atom, irrespective of the
type of O atom used.’* In contrast, rate ratios measured on
M1-phase MoVTeNbO or MoVO samples exhibit C,Hy/
C4H,, activation rate ratios near unity and up to 2 orders of
magnitude higher than oxides without micropores. Since
heptagonal pores in the M1 phase have nearly the same
accessible diameter as the size of ethane molecule but restrict
larger molecules,®” these rate ratios measured on several types
of oxides and the DFT calculations provide a strong evidence
that most of the initial ethane activations in M1-phase catalysts
occur primarily inside the micropores. The heptagonal pores
stabilize C,Hy molecules by van der Waals interactions, leading
to high reactivity in pores even with small amounts of
accessible pores.”

Electron microscopy and Rietveld refinement studies suggest
that the occupation of the metal positions in the M1 crystal
structure is somewhat variable and some heptagonal pores are
occupied by metal cations.*”>** The MIl-phase crystallites
can exhibit rod- or plate-like shapes with (001) planes
containing exposed heptagonal pores on the ends but different
types of planes exposed on the sides of the crystallites."> While
many studies propose (001) planes to be the most relevant to
reactivity,”*** some correlations are observed between the
shape and measured rates that are proposed to originate from
the types of exposed facets.'” Some of these structural
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differences can indeed affect reactivity of the catalysts. For
instance, crystallites of different shapes may also have different
extent of accessible pores, and samples with partial blockage of
heptagonal pores with cations can lead to lower rates. M1-
phase samples of different types, despite these rate differences,
exhibit similar high C,H, selectivity in C,Hg oxidation at
similar conversion and temperature; this selectivity is much
higher than other VO, or MoO, domains, suggesting that
external exposed facets and differences in occupation positions
of elements cannot explain the observed selectivity and some
property of the Ml-phase crystal structure itself is relevant.
Microscopy studies also propose that formation of radical-type
oxygen around Te site MoVTeNDb oxides is relevant to activity
and selectivity.”® Yet, MoVO samples without Te also exhibit
similar high selectivity and similar values of ratios of rate
constants for desired and undesired reactions relevant to
selectivity.”* Furthermore, none of the structural differences for
external facets explain or contradict the high C,Hs/C¢H,, rate
ratios in the M1 phase that strongly suggest C,Hy reactions
occurring inside pores restrictive to C4H;, because different
types of exposed planes should lead to low C,H¢/C¢H,, rate
ratios due to weaker C—H bonds in C4H;, but fully formed
heptagonal pores restrict CgH,,."* Thus, comparison of very
similar measured selectivity parameters representative of
essentially all M1-phase catalysts, despite differences in rates,
elemental distribution, or external surfaces, to the DFT-derived
selectivity parameters on a representative MI-phase model
seems reasonable. Here, instead of the rate differences, we
focus on the effects of C,Hy conversions on C,H, selectivities
and use these measurements to extract ratios of rate constants
relevant to selectivity.

3.2.1. Extraction of Rate Constant Ratios from Measured
Selectivity Data. The C,H, selectivity as a function of C,Hy
conversion for different residence times measured on VO,/
SiO, and MoVTeNbO catalyst samples at various C,Hg and
O, pressures and temperatures (648—733 K) are shown in
Figure 2. For the VO,/SiO, catalyst, higher temperatures lead
to higher selectivity at zero conversion (50—60%) and less
sensitive decrease in selectivity with conversion (Figure 2a).
For the same conditions, MoVTeNbO catalysts exhibit
selectivities at zero conversion much higher than VO,/SiO,
(>95%) and much less sensitive to conversion and temperature
(Figure 2b).

A sequence of product formation convenient for analyzing
reaction paths relevant to C,H, selectivity in C,H, oxidative
conversion is shown in Scheme la. Here, the formations of
C,H, and of oxygenated products directly from a primary C—

Scheme 1. (a) Lumped Rate Constants and (b) Gibbs Free
Energies for Steps Involved in Oxidative Conversion of
C,H, to C,H, and Oxygenated Products

k
(a) C;Hs — CoH,

DR

o, €O,
(b)

AG, G
C,Hg — > «C,H;—> C,H,

Acz\ 1“3

CHaCHO, CH,CH,OH

’

4
CO, CO,

H activation are represented by reaction rate constants k; and
k,, respectively, each with a first-order C,Hy pressure
dependence and no O, pressure dependence. The sequential
formation of oxygenated products from C,H, is described by
reactions with a rate constant k; and first-order C,H, pressure
dependence and no O, pressure dependence.'® These first-
order rate constants represent an ensemble average over
possible pathways that lead to the alkene and the undesired
products, which are analyzed later using DFT. The selectivities
shown in Figure 2 exhibit weak dependence on feed alkane and
O, pressure. Since measured rates for C,Hy activation exhibits
first- and zero-order dependence on C,Hy and O, pressures,
respectively,” this absence of the effect of these pressures on
selectivity is consistent with the assumption that parallel and
sequential conversion steps in Scheme 1la also have the same
pressure dependences as the primary step. The rates of
formation of C,Hs (rcy,), CH, (rcm,), and oxygenated

products (rco, representing final products CO and CO, for

sequential oxygenation) are given by

Tc,H, _
L e~ Bben @
c,H
g —k
[L] 1pCZI-IG 3pCZH4 (3)
co
- =k +k
[L] 2PC2H6 3}pCszt (4)

where [L] is the concentration of active lattice O atoms, and
pc,u, and pc g, are pressures of C,Hg and C,H,, respectively. A
mole balance for the change in the concentration of each
species with C,Hg residence time, assuming that rates have
zero-order dependence on O, pressure, leads to the following
expressions for C,H, selectivity at zero C,Hg conversion

(Sem,)
0 ky _ 1

Tk, 14k
1 2 1+k_1 (s)

and selectivity (Sc,,) at finite values of C,Hy conversion (X)

(derivation in Section SS, Supporting Information)
0 k
S, (1-X)%ms — (1-X)

0k X
-5 )

SCZH4 = <

(6)
For low conversions, where 1 — X can be approximated as 1,
eq 6 is simplified to

0 1o ks
SC2H4 = SC2H4[1 - ESCZH —X

'k (7)

Measured Scy, values decrease with increasing conversion

(Figure 2), and eqs 5—7 suggest that intercepts and slopes at
low conversion for selectivity versus conversion plots depend
solely on rate constant ratios. Higher selectivity at zero
conversion and smaller decrease in selectivity with increasing
conversion correspond to smaller values of k,/k, and k;/k,,
respectively.

Regression of selectivity data in Figure 2 to the form of eqs 5
and 6 was used to derive k,/k; and k;/k, values shown as a
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function of reciprocal temperature in Figure 3. The k,/k, and
ks;/k, values on 41 wt % VO,/SiO, catalysts are in ranges of
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Figure 3. Measured rate constant ratios (k,/k,, triangles; k;/k,,
squares) as a function of reciprocal temperature on VO,/SiO, (closed
symbols) and MoVTeNbO (open symbols). Dashed lines represent
best fits to the forms of eqs 8 and 11. Error bars represent the
standard error.

1.0—0.7 and 110—36, respectively, for measurements at 648—
733 K (Figure 3). These ks/k, values are about 2 orders of
magnitude larger than k,/k,, suggesting that sequential
reactions of C,H, contribute to the lowering of C,H,
selectivity much more significant than the parallel oxygenate
formations from C,Hg at all conversions greater than about
1%. Both ratios decrease with temperature, consistent with
higher selectivity at higher temperatures and with lower
activation enthalpies for oxygenate formation steps than the
ODH steps. The k;/k; and k,/k; values on unsupported V,0;
samples were measured at different temperatures, as shown in
Section S19 (Supporting Information); these values lie on the
trend lines for VO,/SiO,, suggesting no significant differences
in selectivity because both samples contain significant V,Oq
crystals. On MoVTeNbO catalysts, k,/k, and k;/k; values are
in ranges of 0.032—0.026 and 0.23—0.29, respectively, for
measurements at 648—733 K (Figure 3). These values are 2
orders of magnitude smaller than VO,/SiO, catalysts,
consistent with much higher selectivity in M1-phase materials.
The MoVTeNbO oxide also exhibits k;/k; values larger than
ky/k, values, which suggests more significant selectivity
limitations due to sequential reactions. The k;/k, for
MoVTeNbO are insensitive to temperature (Figure 3),
which suggests that the ODH steps and the sequential
oxygenate formation steps have similar activation enthalpies,
which contrasts the temperature dependences for V,04 and
other redox catalysts that exhibit lower activation energies for

the latter steps. The k,/k; and k;/k; values measured at 648 K
on phase-pure MoVTeNb oxides and on MoVO samples
without Te or Nb are very similar to those on the MoVTeNbO
samples examined in Figure 3 and much lower than those on
VO,/Si0,.”*

3.2.2. Dependence on Rate Constant Ratios on Gibbs
Free Energy Differences. The rate constants relevant to C,Hg
ODH rates and selectivity in Scheme 1a depend on Gibbs free
energies of steps shown in Scheme 1b. The activation of C,Hg
via Mars—van Krevelen redox cycles invariably requires an
initial irreversible homolytic C—H bond activation at lattice O
atoms to form -C,H; radical species,”*" which is shown in
Scheme 1b as a step with Gibbs free energy activation barrier
AG,. These radicals can directly undergo second C—H
activation to C,H, or form a C—O bond at lattice O atoms
to complete the steps for C,H, or oxygenate formation.
Therefore, the k,/k, rate constant ratios depend on the
difference between the free energy barriers for oxygenate and
C,H, formations from a -C,H; radical (AG, and AGj, Scheme
1b), as shown by the following expression

kT _AG,
ky Te"P< RT) B _AG, - AG/
k, kT agy - P RT

(8)

where the definitions of kg, T, h, and R are the same as those in
eq 1. Since the first C—H activation in C,Hy is typically
irreversible,””*" we assume that the rate constant representing
the total rate of C,Hj activation, given by the sum of k; and k,,
depends only on the barrier for the first C—H activation:

_Aq)
)

RT
The rate constant k; for formation of oxygenates from C,H,
depends on Gibbs free energy barrier AG; in Scheme 1b,
leading to k;/k; values given by

kyT
k1+k2=BTexp(

ks _ (ky + k) ky
ky ky (ky + k)
k AG,; — AG
= (1 + —Z]exp[—¥)
k, RT (10)
Substituting for the value of k,/k; from eq 8 gives
ks ( AG, — AG{] ( AG, — AGI]
— =1+ exp| ———||exp| —————
k, RT RT
(11)

Thus, the rate constant ratios relevant to selectivity depend on
two activation energy barrier differences, AG, — AG; and AG;
— AG, described in Scheme 1. The Gibbs free energy
differences in eqs 8 and 11 are further expressed as enthalpy
and entropy differences (AG = AH — TAS), and the measured
rate constant ratios in Figure 3 are regressed to the form of the

Table 2. Measured Activation Enthalpy and Entropy Differences between C—H Activations and C—O Formations on VO,/

$i0, and MoVTeNbO

AAH (kJ mol™")

AAS (J mol™! K1)

model AH, — AH; AH, — AH, AS, — AS; AS; — AS,
VO,/SiO, —18 (1) —44 (+4) —28 (1) —34 (+6)
MoVTeNbO =5 (£7) 15 (+10) —37 (+11) 10 (+15)
28175 DOI: 10.1021/acs.jpcc.9b07778
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resulting equations to obtain AH, — AH;, AH; — AH,, AS, —
AS}, and AS; — AS, values for VO,/SiO, and MoVTeNbO, as
shown in Table 2.

The values of AH, — AHj and AS, — AS] are negative for
both VO, /SiO, and MoVTeNbO catalysts, which suggests that
transition states limiting the rates of parallel oxygenate
formation reactions from -C,H in Scheme 1 exhibit lower
activation enthalpy than C,H, formation reaction, but they
also lose more entropy. Thus, the undesired parallel reactions
are enthalpically favored and entropically disfavored over the
C,H, formation steps. The enthalpy contributions decrease
with temperature (eq 1), which leads to lower k,/k; values at
higher temperatures. The MoVTeNbO samples exhibit AH, —
AH] and AS, — AS] less and more negative, respectively, than
VO,/SiO, (Table 2); both of these contributions cause the k,/
k, values to be smaller on MoVTeNbO (Figure 3).

The AH; — AH, and AS; — AS, are more negative than
AH, — AHj and AS, — AS; on VO,/SiO,, suggesting that
transition states for sequential oxygenate formations exhibit
enthalpy—entropy tradeoffs analogous to but stronger than the
parallel reactions. In contrast, the AH; — AH, values are
slightly positive, and AS; — AS, values are near zero on
MoVTeNbO, suggesting that, for these oxides, sequential
oxygenate formation steps have slightly higher activation
enthalpy than the ODH steps but similar entropy losses for
both. Such enthalpic favorability of ODH over secondary
reactions appears to be unique to the M1 phase among V-
containing oxides because, on other oxides, selectivity increases
with temperature and gives comparable selectivity to the M1
phase (at same conversion) only at much higher temper-
atures.””

The oxygenate formation reactions require at least one C—O
bond formation step, but the nature of intermediates and
transition states involved can vary among different catalysts
and measured barriers may even include contributions from
multiple paths. These different possible pathways are shown in
Scheme 2, and their energetics are analyzed next using DFT
calculations for C—H activation and C—O bond formation
steps for C,Hg and C,H, on V,0,(001), MoVTeNbO seven-
membered ring pores, and MoVTeNbO(001) models.

3.3. C—H Activation and C—O Formation Pathways
on V,05(001) Surfaces. The vdW-DF2-derived electronic

Scheme 2. Reaction Branches for (a) C,Hy, (b) *C,Hy, and
(c) C,H, Reactants

a . e
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energies, Gibbs free energies at 648 K and 1 kPa pressure of
gaseous reactants, and structures of intermediates and
transition states involved in most favorable elementary steps
for the formation of C,H, and oxygenates via primary and
secondary reactions of C,Hy on the V,04(001) surface are
shown in Figure 4. The enthalpies, entropies, and free energies
for these intermediates and transition states are listed in Table
SS (Supporting Information).

3.3.1. C,Hs Radical Formation from C,H, The adsorptions
of C,Hg and C,H, exhibit slightly negative electronic energies
that indicate weak vdW interactions of these species with the
surface (AEyo + — ¢, = —13 k] mol™" and AEy « _ o, =
—16 kJ mol™!, Figure 4a). These stabilizations are offset by
entropy loss resulting from the adsorption of gaseous species
on the surface, which leads to positive Gibbs free energies and,
in turn, suggests that these molecules do not attain significant
surface coverage at reaction conditions (AGyo + _ ¢, = 44 KJ
mol ™" and AGyo + _ ¢y, = 48 kJ mol™!, Figure 4b). C—H
activation in adsorbed C,Hg forms a surface OH bond at V=
O terminal O atom with an unpaired electron at the metal
center and -C,H; radical interacting with it (- MOH*—-C,Hj).
For the transition state mediating the C—H activation, the
electronic energy (AErg,;) and Gibbs free energy (AGrg;)
referenced to gaseous C,Hg are 122 and 198 kJ mol™},
respectively.

The -C,H; radical formed from C—H activation in C,H¢ can
reverse the first C—H activation to reform C,Hg or (i) undergo
second C—H activation near the first C—H activation site
location, (ii) desorb into the gas phase to carry out the second
C—H activation at other catalytic sites, or (iii) undergo C—O
bond formation near the C—H activation site or at a different
site upon desorption, depending on which of these possibilities
exhibit low barriers and abundant reactive sites, and therefore
contribute significantly to overall reaction rates. Experimental
measurements have shown that the first C—H activation is
typically irreversible in Mars—van Krevelen cycles, and yet,
second C—H activation at the same location presents a greater
barrier than the first one (AErg 504 cu = 144, Figure S3;
AErgy; = 122 kJ mol™!, Figure 4a). Previous DFT studies on
V,04(001) and V-substituted silsesquioxane clusters represent-
ing VO,/SiO, are consistent with higher transition-state
energies for second C—H activation at same locations.’"**
This suggests that desorption-mediated routes or C—O
formation routes at the same or different locations must be
more prevalent. The electronic energy for desorbed -C,H;
radical species is higher than that for the radical species on the
surface (AEc () = 147 k] mol™" and AE o + - . i, = 103
k] mol™, Figure 4a), suggesting that the radical exhibits
electronic radical—radical interactions with the surface, which
is stronger than the weak vdW interactions that stabilize C,Hg
on the surface (AECZHé(g) =0kJ mol™", AEyp +_ c,u, = —13 K]
mol™"). The desorption of the radical also leads to entropy
gain for the desorbed molecule, which causes the free energy to
be lower and suggests that desorption is highly favored
(AG ¢, = 124 K] mol™, AG.yom #— . ¢y, = 171 K] mol™").
This facile desorption of radicals is consistent with
experimental detection of small concentrations of -C,Hj
radicals during C,Hs ODH on metal oxides.”

3.3.2. C,H, and Oxygenate Formation from the C,H;
Radical. The rebound reaction of the -C,H; radical at -MOH*
to form MO(H)C,H*, a precursor to C,H;OH(g), presents
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Figure 4. vdW-DF2-derived (a) electronic energies, (b) Gibbs free energies (at 1 kPa and 648 K), and (c) structures of transition states for C—H
activation in C,Hg and C,Hj radicals to form C,H, (red) and C—O bond formations via parallel steps for C,H; radicals (green) and sequential

steps for C,H, (blue) at O atoms on the V,04(001) surface.

no electronic energy barrier along the minimum energy path,
leading to no formal transition state being found. The highest
point along the reaction coordinate for this step is the weakly
adsorbed radical (-MOH*—-C,H; species, Figure 4), and the
energy monotonically decreases as the reaction proceeds. This
rebound step, however, forms a rigid C—O bond, which
requires the loss of a degree of freedom along the reaction
coordinate for the approaching C atom in the radical toward
the O atom. Therefore, the free energy barrier for this step was
determined by using the electronic energy of the initial -
MOH?*—-C,Hj species and neglecting a translational degree of
freedom that would lie along the reaction coordinate (AErgy,
= 103 kJ mol™ and AGrgy, = 190 kJ mol™!, Figure 4).”%"
Such rebound reactions, as well as reversals of first C—H
activation, are unlikely to proceed with significant rates
because they require surface -MOH?™ species that have very
low surface coverage due to the reaction of such species with
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. . e . 33,34
0, in rapid reoxidation steps in Mars—van Krevelen cycles.””

The reoxidations make the MO* species the most abundant
surface species, and -C,H; radicals can bind and react at such
species via steps described next.

The adsorption of the -C,H;(g) radical on the surface is
significantly strong (AEyq « _ . o, = —65 KJ mol ™', Figure 4).
This species forms a C—O bond at terminal MO* (V=O0) in
highly exothermic steps, leading to an ethoxy species with no
electronic energy barrier (AE yoc,ci,» = —194 kJ mol™" and

AGoch,cay = —64 K] mol ™!, Figure 4). The activation

barrier for this step is determined by neglecting the free energy
contributions to the translational degree of freedom along the
C—O formation coordinate (AErg; = —65 kJ mol™ and
AGrgps = 17 kJ mol ™, Figure 4). C—H activation at the CH,
group in the B position to the C—O bond using a vicinal
terminal V=0 O atom as the H abstractor leads to the
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Table 3. vdW-DF2-Derived Electronic Energies, Enthalpies, Entropies, and Gibbs Free Energies (at 1 kPa and 648 K) for
Kinetically Relevant Transition States in C,H; ODH and Parallel and Sequential Oxygenate Formation Paths on V,04(001)

reaction kinetically relevant TS AErg (IJ mol™) AHpg (k] mol™) ASrg (J mol™ K1) AGrg (IJ mol™)
C,H, — -CH, TSo01 122 105 —143 198
-C,H; — G,H, TS04 —65 —68 ~197 59
-C,H; — COH, TSO0S -71 —74 —211 62
C,H, - COH, TS07 69 67 -176 182
a) 200
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Figure S. vdW-DF2-derived (a) electronic energies, (b) Gibbs free energies (at 1 kPa and 648 K), and (c) structures of intermediates and
transition states for C—H activation in C,Hg and C,Hj radicals to form C,H, (red) and C—O bond formations via parallel steps for C,H; radicals
(green) and sequential steps for C,H, (blue) at O atoms accessible in pores of MoVTeNbO.

formation of C,H, and an OH group (AErgy, = —65 k] mol™
and AGrgy, = 59 kJ mol™!, Figure 4). An alternate path
involves C—H activation in the CH, group in the « position,
leading to the formation of an OH group and a MOCHCH,*
species (AErgs = —71 kJ mol™ and AGrgps = 62 kJ mol ™},
Figure 4). The MOCHCH;* species subsequently desorbs to
form an O vacancy (M*) and CH;CHO. Thus, on V,04(001)
surfaces, the transition state for the CH3;CHO oxygenate
formation step (TS0S) exhibits lower activation enthalpy than
the C,H, formation step (TS04), suggesting that parallel C—O
bond formations have slightly lower activation energy than
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ODH, which is consistent with k,/k; values near unity in
measurements. CH;CHO contains weak C—H bonds, making
it highly reactive for subsequent reactions, leading to CO and
CO, via steps that are not examined here but have been shown
to be very facile on oxides.”””

3.3.3. Sequential Reactions of C,H, C—H activation
energies in different molecules at the same lattice O atom
depend strongly on C—H bond dissociation energy
(BDE)."** The C,H, molecule consists of much stronger
C—H bonds than C,H, (BDE values of 464 and 421 kJ mol™"
in C,H, and C,Hj, respectively),”® and therefore, it exhibits
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much higher activation energies for a direct homolytic C—H
bond activation at sp2 hybridized carbon. The more facile
secondary reaction in C,H, must involve a C—O bond
formation. A physisorbed C,H, forms a -MOCH,CH, *
species at the V=O terminal O atom via a C—O bond
formation transition state (AErgos = 53 kJ mol™ and AGrgys =
145 kJ mol™', Figure 4). This adsorbed C,H, may desorb or
undergo (i) second C—O formation between the same O atom
and C atom in the f position, leading to an adsorbed epoxy
species (M*—C,H,0) or (ii) C—H activation at the CH,
group in the a position using a vicinal V=0 O atom, leading
to adsorbed vinyl (MOCH=CH,*) species shown in Scheme
2¢. The CH, group in MOCH=CH,* in (ii) can abstract the
H atom to form MOCHCH;*, a precursor to CH;CHO. The
vdW-DF2-derived energies indicate that the MC,H,O*
formation path is favorable (AErgy;, = 69 kJ mol™ and
AGrgy; = 182 kJ mol™!, Figure 4) over the MOCHCH,*
formation path (AErgys = 87 kJ mol™ and AGrgps = 201 kJ
mol™!, Figure S4, Supporting Information). Previous studies
on V,0; surfaces using the PBE functional did not consider
such epoxidation steps and concluded CH;CHO formations to
be the main path for secondary oxidation of C,H,.*> The
desorption of C,H,O from adsorbed MC,H,O* species leaves
an O vacancy with a significant electronic energy penalty
(AEyco0+ = 0 k] mol™ and AEc 04 = 100 kJ mol™,
Figure 4) but a corresponding entropy gain for the desorbed
molecule, which leads to a favorable Gibbs free energy for
desorption (AGyc,i,0+ = 108 kJ mol™" and AGc 0.9 = 100
kJ mol™", Figure 4). The C,H,0 molecule can isomerize to
CH,CHO on a MO* or MOH¥* site.”> CH,CHO contains
much weaker C—H bonds than reactants and undergoes rapid
oxidation to CO or CO,, suggesting that these initial C—O
bond formation steps limit the sequential oxidation of C,H,,
which determines the selectivity shown in Figures 2 and 3 and
interpreted in the form of rate constant ratios. The Gibbs free
energy for epoxidation is lower than that for primary C—H
activation in C,Hg (AGrgy; = 182 kJ mol™ and AGrgy, = 198
kJ mol ™!, Figure 4), consistent with k;/k, values much higher
than unity in measurements (Figure 3).

The barriers for kinetically relevant steps determined from
points with highest Gibbs free energy along reaction
coordinates in Figure 4 for C,H; ODH and parallel and
sequential conversion to oxygenates on V,04(001) are shown
in Table 3. These values represent the overall barriers to the
steps in Scheme 1b), which determine the measured rate
constant ratios given by eqs 8 and 11. The C—H activation
transition states exhibit higher activation enthalpies and lose
less entropy than relevant C—O bond formations, which is
consistent with measurements (Table 2).

3.4. C—H Activation and C—O Formation Pathways in
MoVTeNbO Pores. The vdW-DF2-derived electronic en-
ergies, Gibbs free energies at 648 K and 1 kPa pressure of
gaseous reactants, and the structures of intermediates and
transition states for most favorable steps for the formation of
C,H, and oxygenates via primary and secondary reactions of
C,Hg (Scheme 2) inside seven-membered ring pores of M1-
phase MoVTeNbO oxides are shown in Figure 5. The
enthalpies, entropies, and free energies for each intermediate
and transition state are listed in Table S7 (Supporting
Information). The pore environment of bulk MoVTeNbO
imposes vdW stabilizations much stronger than (001) surfaces
of V,05 due to the proximity to a larger number of lattice

atoms in voids of dimensions similar to the reactive species.
These pores also do not contain accessible terminal M=O O
atoms, which leads to significant modifications to activation
energies and structures of most favored C—O bond formation
steps. The most reactive O atom accessible inside the pores
determined from HAE calculations is a V—O—Mo bridging O
atom (site 4, Figure 1).

3.4.1. C,H; Radical Formation from C,H,. The electronic
energies for the adsorption of C,Hs and C,H, in MoVTeNbO
pores are much more negative than those of the V,0,(001)
surface because vdW interactions are stronger inside the pores
(AEyo + — ¢, = —60 kJ mol™" and AEyq« _ ¢, = —50 kJ
mol ™}, Figure S). These molecules, however, are confined
tightly inside the pores, which leads to loss of translational and
rotational degrees of freedom available to loosely physisorbed
molecules at outer surfaces and, in turn, causes greater entropy
losses and positive adsorption free energies similar to (001)
surfaces (AGyo + _ ¢, = S0 kJ mol™ and AGyo « _ ¢, = 60

k] mol™!, Figure 5). The influence of stronger vdW
stabilization is also important for transition state for C—H
activation inside the pores at the V—O—Mo bridging O atom
with the most negative HAE (Table 1; site 4, Figure 1). This
transition state exhibits lower electronic energy than the V=0
terminal O atom in the V,04(001) surface (AErg;;= 107 kJ
mol ™!, Figure 5; AErgy, = 122 kJ mol™, Figure 4), despite a
more negative HAE value for the latter O atom (Table 1). A
slightly more stable configuration of this transition state was
found compared to the values reported previously.”* The
greater entropy loss inside the pores, however, causes the
Gibbs free energies to be higher (AGrg;; = 207 kJ mol™,
Figure 5; AGrgo; = 198 kJ mol™!, Figure 4). The stabilization
due to vdW in pores is more significant at lower temperatures
because of a smaller free energy penalty from the entropy loss
in pores. Desorption of the -C,H; radical out of the pores leads
to higher free energy than the radical inside the pore
(AGCZHS(g) =163 kJ mol™, AG.pom + — . o, = 127 KJ mol™},
Figure S) but lower than that of the C—H activation transition
state, suggesting that desorption is facile. The -C,H; radical
may undergo second C—H activation to form C,H, at a
different O atom location within the pore or desorb to
readsorb at a different pore to complete these steps.

3.4.2. C,H, and Oxygenate Formation from the C,H;
Radical. The rebound of -C,H; radical at minority -MOH*
sites forms MO(H)C,H;* species via a C—O bond formation
transition state that leads to C,H;OH as the desorbed product
(AErg1; = 91 k) mol ™!, AGrgy, = 205 kJ mol ™!, Figure S). This
step likely does not contribute significantly to C,Hj radical
reactions due to low concentrations of -MOH* and much
higher concentrations of MO* sites that convert -C,H;.””"*
The -C,Hj species physisorbs in a pore with much more
negative electronic energy than the V,04(001) surface
(AEyo+ —. e, = —92 kJ mol™!, Figure S). Direct C—H

activation of a second C—H bond from the physisorbed radical
to form C,H, presents a lower barrier than the ethoxy
formation step because C—O bond formations are hindered in
the pores with highly restricted access to terminal O atoms and
steric hindrance to C—O bonds in concave pores with bridging
O atoms (AEpg;; = —82 kJ mol™!, AGpg; = 45 kJ mol™;
AEqg, = —67 kJ mol™" and AGrgy, = 57 kJ mol™!, Figure 5).
Second C—H activation at the @ CH, group in ethoxy species
leads to the formation of MOCHCH;* that desorbs as
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Table 4. vdW-DF2-Derived Electronic Energies, Enthalpies, Entropies, and Gibbs Free Energies (at 1 kPa and 648 K) for
Kinetically Relevant Transition States in C;H; ODH and Parallel and Sequential Oxygenate Formation Paths inside

MoVTeNbO Pores

reaction kinetically relevant TS AErg (I mol™) AHpg (k] mol™) ASpg (J mol™ K1) AGrg (IJ mol™)
C,H, — -C,H; TS11 107 94 -173 207
-C,Hy — C,H, TS13 -82 —84 —199 45
-CH; » COH, TS1S -3 —4 -218 137
C,H, > COH, TS16 106 109 -198 237
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Figure 6. vdW-DF2-derived (a) electronic energies, (b) Gibbs free energies (at 1 kPa and 648 K), and (c) structures of intermediates and
transition states for C—H activation in C,Hg and C,Hj radicals to form C,H, (red) and C—O bond formations via parallel steps for C,H; radicals
(green) and sequential steps for C,H, (blue) at O atoms from the (001) surface of MoVTeNbO.

CH,;CHO (AErgs = —3 k] mol™ and AGrg;5 = 137 k] mol ™},
Figure S).

3.4.3. Sequential Reactions of C,H,. Despite stronger vdW
stabilizations in the pores, the C,H, adsorption via C—O bond
formation at the V—O—Mo bridging O atom location (site 4,
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Figure 1) within MoVTeNbO pores is much more
endothermic than at the terminal O atom on V,0,(001)
surfaces (AE yocp,ch, . « = 46 and 106 kJ mol™" in Figures 4
and S, respectively). Such adsorption at the terminal O atom
from within the pores is even more endothermic because
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access to terminal O atoms between layers is strongly hindered
inside the pores (132 kJ mol™" for site S, Table S8, Supporting
Information). These differences from the nonconfining (001)
surfaces contribute significantly to the high selectivity in M1-
phase catalysts. The formation of the C—O bond at the
bridging location from physisorbed C,H, occurs without a
formal transition state because the energy increases monotoni-
cally as the adsorption proceeds, as in the case of MO(H)-
C,H* formation on V,04(001). The barriers are therefore
calculated based on electronic energy of the product state and
removal of one translational degree of freedom for the
approach of the molecule to the surface along the reaction
coordinate. The second C—O bond formation in
MOCH,CH,-* leading to M*—C,H,O epoxide species
exhibits large barriers due to steric hindrance in bridging O
atoms and the concave pore structure (AErg;; = 147 kJ mol™!
and AGrg; = 283 kJ mol™!, Figure SS5). Instead,
MOCH,CH,-* species undergo a more facile C—H activation
in the CH, group at the a position to form MOCH=CH,*
species. This C—H activation first requires a 90° rotation of the
CH, group in the f position that changes the hybridization of
the a C atom to decrease the C—H bond energy for a facile
C—H activation. This rotation is barrierless, and subsequent
C—H activation transition state leads to MOCH=CH,*
(AErg5 = 96 kJ mol™ and AGrgs = 230 kJ mol™!, Figure 5).
This species then forms a C—H bond in the f position to form
MOCHCH,* species (AErg;9 = 57 k] mol™! and AGrgg = 180
kJ mol™, Figure 5), which desorbs as CH;CHO (AEcy, cro(g)
=29 kJ mol™! and AGch,crop) = 24 & mol ™!, Figure 5) in
kinetically irrelevant steps. The CH;CHO molecules can
undergo subsequent fast oxidation to form CO and CO,. For
the C,H, oxidation reaction, the initial C—O bond formation
for C,H, adsorption presents the highest barrier along the
reaction coordinate.

The barriers for kinetically relevant steps determined from
points with the highest Gibbs free energy along reaction
coordinates in Figure S for C,Hy; ODH and parallel and
sequential conversion to oxygenates inside MoVTeNbO pores
are shown in Table 4. For these pore environments, transition
states for C—H activation steps exhibit lower enthalpy than
relevant C—O bond formation steps, which contrasts
V,05(001) and shows much higher C,H, selectivity. The
entropy loss for C—H activation steps is also lower than C—O
bond formation. Therefore, the pores favor C—H activations
via enthalpic as well as entropic effects and will remain
selective to C,H, at both low and high temperatures (eqs 8
and 11; Scheme 1b and Tables 3 and 4).

3.5. C—H Activation and C-O Formation Pathways
on the M1 Phase of the MoVTeNbO(001) Surface. The
vdW-DF2-derived electronic energies, Gibbs free energies at
648 K and 1 kPa pressure of gaseous reactants, and the
structures of intermediates and transition states for most
favored paths for the formation of C,H, and oxygenates via
primary and sequential reactions of C,Hy (Scheme 2) on the
M1 phase of the MoVTeNbO(001) surface are shown in
Figure 6. The enthalpies, entropies, and free energies for these
intermediates and transition states are listed in Table S9
(Supporting Information). The reactions on MoVTeN-
bO(001) proceed via elementary steps analogous to
V,04(001) but differ in types of O atoms involved and in
differences between C—H activation and C—O formation
energies. The steps that involved nearest-neighbor V=0 pairs
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on V,0,(001) use a terminal V=0 O atom and a bridging O
atom on MoVTeNbO(001) due to larger separation between
terminal atoms. The V=0 sites on MoVTeNbO(001) have
been suggested as reactive sites for C—H activation, while their
selectivity to C,Hs, ODH has not been probed.”*"*

3.5.1. G,Hs Radical Formation from C,Hg. The adsorptions
of C,Hg and C,H, on MoVTeNbO(001) experience weak
vdW stabilizations (AEyo+ _cu, = —15 kJ mol™ and

AEyo+ —cu, = —9 kJ] mol™') and compensations from

entropy losses, leading to free energies similar to V,04(001)
(AGyo + - ¢y, = 61 k] mol™ and AGyo + - ¢ g, = 57 kJ mol ™/,
Figure 6). A transition state for C—H activation in C,Hy at
V=0 terminal O atom (site S, Figure 1) mediates the
formation of -MOH*—-C,Hj species (AErg,, = 134 kJ mol™
and AGrg,; = 208 kJ mol™', Figure 6), with activation energy
larger than V,04(001), which is consistent with the less
negative HAE on MoVTeNbO (Table 1). The HAE on
MoVTeNbO(001) is more negative at the bridging O atom
(—269 kJ mol ™" at site 4, Figure 1; Table 1) than the terminal
O atom (—254 kJ mol™ at site 4, Figure 1; Table 1). Yet, the
electronic energy for C—H activation in C,Hg is slightly more
favored at the terminal O atom (AEqg,; = 134 kJ mol ™', Figure
6; AErgy, = 138 kJ mol™', Table S9, Supporting Information),
possibly due to stronger radical—surface interactions between -
C,H; and the terminal O atom than the bridging O atom.”'
The one-layer MoVTeNbO(001) models lack a subsurface O
atom underneath the V=0 bond, which prevents delocaliza-
tion of the unpaired electron in the -MOH* species formed as
the product of the C—H activation. The lower stability of
localized electrons leads to less negative HAE at terminal O
atoms, but such effects can be compensated by larger
interactions between unpaired electrons in -MOH* and -
C,H; pairs in the product, which, in turn, can lead to C—H
activation energies lower than the value suggested by HAE.
Such effects were previously observed for radicals with
different extents of delocalization in unpaired electrons for
secondary radical in propane and allylic radical in propene.”'
The electronic energy for C—H activation at the V—O—Mo
bridging O atom in MoVTeNb(001) is 31 kJ mol™" higher
than at the identical location on MoVTeNbO pores (AErg;; =
107 kJ mol ™" Figure 5), despite less negative HAE in the latter
model, because vdW stabilizations are much stronger inside
the pores. The transition state inside the pores, however, loses
more entropy, which suggests that C,Hy activates predom-
inantly inside the pores of MoVTeNbO at low and moderate
temperatures even when active sites in (001) surfaces are
similarly abundant as intrapore sites. The prediction for the
effect of temperature of transition from favorability of C—H
activation in pores to that in surfaces may depend strongly on
small inaccuracies in entropy estimates, which are difficult to
obtain precisely when steps involve low-frequency vibrational
modes. The estimated Gibbs free energies for activation at
surfaces at 648 K are similar to the pores (AGrg,; = 208 kJ
mol™!, Figure 6; AGrg;; = 207 kJ mol™', Figure 5), but
intrapore sites may be more abundant than surfaces in catalyst
samples. The measured rate ratios, however, confirm that C—H
activations predominantly occur in pores at 648 K.*
Desorption of the -C,H; radical to the gas phase is facile
because of entropy gain in -C,H;(g) (AG‘CZHS(g) = 155 kJ

mol ™" and AG o+ — . ¢, = 192 kJ mol™!, Figure 6).
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Table 5. vdW-DF2-Derived Electronic Energies, Enthalpies, Entropies, and Gibbs Free Energies (at 1 kPa and 648 K) for
Kinetically Relevant Transition States in C;H; ODH and Parallel and Sequential Oxygenate Formation Paths on

MoVTeNbO(001)
reaction kinetically relevant TS AErg (I mol™) AHpg (k] mol™) ASpg (J mol™ K1) AGrg (IJ mol™)
C,H, — -C,H, TS21 134 (120)° 116 (102)° -143 208 (194)°
.C,H, — CH, TS25 —33 (—44)" —37 (—48)" —189 85 (75)"
.C,H; — COH, TS26 —3 (=38)" -8 (=43)° —207 126 (91)*
C,H, - COH, TS28 112 (68)° 112 (67)" -179 227 (183)“

“Values in parenthesis are derived from electronic energies in Table

6 for two-layer MoVTeNbO(001) models.

3.5.2. C,H, and Oxygenate Formation from the C,H;
Radical. C,H;OH formation via rebound of the -C,H; radical
to reduced -MOH™ sites exhibits low electronic energy barriers
(AErgy; = 149 k] mol ™!, Figure 6) but is unlikely to contribute
to rates because concentrations of -MOH?* species are small
due to fast reoxidations. The C,H; radical adsorbs near MO*
sites in MoVTeNbO(001) with adsorption energies similar to
V,05(001) (AEy0 + - . ¢, = —65 and —61 KJ mol ™" in Figures
4 and 6, respectively). The adsorbed radical forms an ethoxy
species at the terminal O atom (site 5, Figure 1; AE yiocn+ =

—176 k] mol ™}, Figure 6), which undergoes C—H activation at
a C—H bond in the f position to the C—O bond using the
vicinal M—O—V bridging O atom (site 4, Figure 1) to form
C,H, (AErgs = —33 kJ mol™ and AGrgys = 85 kJ mol™,
Figure 6). The -MOC,H* species can also undergo C—H
activation at the CH, group in the a position using site 4 to
form MOCHCH;* (AErg,s = —3 k] mol™ and AGrgys = 126
kJ mol™!, Figure 6), which desorbs as CH;CHO(g).

3.5.3. Sequential Reactions of C,H, The adsorption of
C,H, via a C—O bond formation at the terminal O atom of
MoVTeNbO(001) exhibits 25 k] mol™' higher electronic
energy than V,05(001) (AEyoc,ch, - + = 46 and 71 kJ mol ™

in Figures 4 and 6, respectively). The electronic energy of
adsorption at the Mo—O—V bridging O atom of MoVTeNbO
is higher by 74 kJ mol™" than the terminal O atom adsorption
on V,05 (AEyoch,ch, - + = 120 kJ mol~!, Figure $6), which

suggests that bridging O atoms hinder C—O bond formation.
This bridge site adsorption energy on MoVTeNbO(001)
surface is +14 kJ mol™" higher than adsorption at an identical
site within the MoVTeNbO pore (AE\och,ch, .+ = 106 kJ

mol ™}, Figure S), which reflects significant vdW stabilization in
the pore as well as the partial compensation of this stabilization
potentially by more steric hindrances in the pores.

The -MOCH,CH,-* species at a terminal O atom forms a
second C—O bond via a transition state that leads to epoxide
(AErgs = 112 k] mol ™ and AGrgys = 227 kJ mol ™, Figure 6).
The desorption of epoxide leaving a terminal O vacancy is
highly endothermic, but the entropy gain from the desorbed
product leads to free energies similar to C—O bond formation
transition state. Such highly endothermic desorption steps can
be assisted by simultaneous O, adsorption at O vacancy and
therefore cannot impose kinetic limitations.”® They also
represent the unstable nature of O vacancies in one-layer
models that do not contain subsurface O atoms to stabilize the
reduced centers, as discussed in Section 3.5.4. Alternative C,H,
oxidation paths involving CH;CHO formation occur most
favorably at bridging O atoms and lead to energy barriers much
higher than epoxidation, as shown in the Supporting
Information (AErg; = 143 kJ mol™ and AGrg;, = 268 kJ
mol~!, Figure S$6). The bridging O atoms involved in these

steps provide the most favorable lattice distances for C—H
activation from -MOCH,CH,-* species in MoVTeNbO oxide,
but the overall activation barrier is higher because of the less
stable nature of -MOCH,CH,-* formed at this location. Here,
epoxidation is more strongly favored over CH;CHO formation
than V,04(001) surfaces, where epoxide formation from C,H,
is only slightly more favored over CH;CHO formation using
V=0 pairs, and MoVTeNbO pores, where CH;CHO is
strongly favored.

The energies of kinetically relevant transition states relative
to gas-phase reactants determined from points with highest
Gibbs free energy along reaction coordinates in Figure 6 are
shown in Table 5. These values represent the overall barriers
for steps relevant to selectivity in Scheme 1b and eqs 8 and 11.
These one-layer MoVTeNbO surfaces exhibit transition-state
enthalpies for oxygenate formation from C,H; radicals (—8 kJ
mol™!, Table S) less negative than C,H, formation (—37 kJ
mol™"). The enthalpy for oxygenate formation from C,H, is
also only slightly lower (112 kJ mol™", Table 5) than primary
C—H activation (116 kJ mol™'). Thus, these surfaces exhibit
values of AH, — AH; (29 kJ] mol™"), AH; — AH, (—4 kJ
mol™") that are in between the values for V,04(001) and
MoVTeNbO pores, suggesting that these oxides are less
selective to C,H, than pores but much more selective than
V,05(001) surfaces. The higher selectivity of MoVTeN-
bO(001) surfaces, however, arises from the lack of subsurface
layers in one-layer models, instead of an intrinsic property of
the surfaces in the M1 phase, which is probed next using a two-
layer model.

3.5.4. Effects of Adding a Second Layer to MoVTeN-
bO(001) Models. The two-layer MoVTeNb(001) models
require a large 21.37 X 26.94 X 19.06 A* supercell with 56
Mo, 16 V, 8 Te, 8 Nb, and 232 O atoms (Figure S2,
Supporting Information), which prohibits probing of all
plausible reaction paths. Here, we recalculate the electronic
energies for some intermediates and for kinetically relevant
transition states found using the one-layer model for (i)
primary C—H activation in C,Hg and epoxidation in C,H,,
relevant to AH; — AH, and k;/k, values, and (ii) C—H
activation and the C—O bond formation steps in the C,H;
radical, relevant to AH, — AH] and k,/k, values. The energies
for these species and comparisons with one-layer models and
two-layer V,04(001) models are shown in Table 6.

The HAE at site S (terminal O atom, Figure 1) in the two-
layer model is more negative (—283 kJ mol™’, Table 6) than
the one-layer mode (—256 kJ mol™', Table 6), indicating that
the reactivity of O atoms at the (001) is underestimated
without the sublayer. The electronic energies of the transition
state for C—H activation in C,H4 and its product -C,Hj
radical, referenced to gas-phase C,Hy, are 14 and 13 kJ mol™
lower than values in the one-layer model (Table 6). The
transition state energy for C—H activation in a C,H; radical for
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Table 6. DFT-Derived H Atom Addition Energy and
Electronic Energies of Intermediates and Transition States
Involved in C—H Activation and C—O Bond Formation at
Terminal O Atoms in One- and Two-Layer Models of
MoVTeNbO(001) (Site 5) and in V,04(001) (Site 1)

intermediate or one-layer slab two-layer slab two-layer slab

transition state  MoVTeNbO(001) MoVTeNbO(001)  V,04(001)
MOH* —256 —283 —286
C,H¢ — -C,H;
MO*—C,H -15 -17 -13
TS21 134 120 122
-MOH*—-C,H; 127 114 103
-C,H; —» C,H,
TS25 =33 —44 —65
.C;H; - COH,
TS26 -3 -38 —=71
C,H, - COH,
‘MOCH,CH, * 74 61 46
TS28 112 68 69
M*-C,H,0 83 12 0

the two-layer model is also more stable than the one-layer
model by 11 kJ mol™ (TS25, Table 6).

The effect of adding a second layer for steps forming an
oxygenated molecule is much stronger than C—H activation
steps because these steps require a greater number of electron
transfers from molecules to surfaces. The electronic energy for
the kinetically relevant transition state in CH;CHO formation
form C,Hj in the two-layer model is more stable than the one-
layer model by 35 kJ mol™". The electronic energies for O-
bound C,H, species, transition state for epoxidation, and the
product M*—C,H,O species for two-layer models are 13, 44,
and 71 more stable than the one-layer model. These values
suggest that species with a greater degree of O atom transfer to
C,H, exhibit greater benefit from the presence of the
subsurface layer.

The effects of adding the second layer is consistent with the
structural changes observed in MoVTeNbO(001) and
V,04(001) slabs with the C—O bond formation steps, which
are shown in Figure S7 (Supporting Information). During the
epoxidation step, as the C—O bonding becomes stronger, the
V=0 bonding becomes weaker and the V—0O bond elongates.
The two-layer slabs are able to compensate for such
elongations by achieving a shorter bond distance with the
subsurface O atom from the second layer, leading to a
delocalization of the electron density for the reduced center at
the V atom. Such subsurface layers are absent in the one-layer
MoVTeNbO(001) model, which makes the C—O bond
formation unfavorable due to greater instability of the V
atom losing the O atom. C—H activation steps experience
much weaker structural changes than C—O bond formations
and, therefore, are stabilized to a much lesser extent by the
presence of the second layer. The disparate effects of the
subsurface layer for C—H activation and C—O bond formation
effects are also reflected in the spin density maps for C—H
activation and epoxidation on V,04(001) and MoVTeNb
pores shown in Figures S12 and S13 (Supporting Informa-
tion). C—H activation causes one-electron reduction of the
surface, which leads to spin density only in the surface V atom
of V,0s, while epoxidation with two-electron reduction shows
significant spin density in the subsurface layer, suggesting that

electron delocalization to the subsurface is significantly more
important for stabilizing C—O bond formation.

The reaction barriers for MoVTeNbO(001) (Table S) were
corrected using electronic energies derived from the two-layer
model (Table 6), which leads to differences between C—H
activation and C—O formation barriers that are more
significantly different from MoVTeNbO pores (Table 4) and
similar to the activation energy differences on V,04(001)
(Table 3). These values suggest that both MoVTeNbO(001)
and V,0,(001) surfaces favor parallel oxygenate formations
and secondary reactions of C,H, over the C—H activation
steps, which leads to low C,H, selectivity. These corrections
are shown by numbers in parentheses for the overall barriers
for MoVTeNbO(001) in Table S. In contrast, the pores of
MoVTeNbO are highly selective to C,H,, as shown by
activation barriers in Table 4.

The analyses of elementary steps show that first C—H
activations irreversibly form -C,H; radicals that can desorb and
diffuse to other O atom site for further reactions. Second C—H
activation at the CHj; group of -C,H; radicals, mediated by an
ethoxy intermediate in some cases, produces C,H,. The -C,H;
radicals can also undergo C—O formation to form ethoxy and
subsequent C—H activation at the CH, group leading to a
parallel oxygenate, CH;CHO. Sequential oxygenates from
C,H, are completed by two C—O bond formations leading to
C,H,O or one C—O bond formation and H atom migration
leading to CH;CHO. At (001) surfaces, C—O bond
formations involved in ethoxy and epoxy formations favorably
occur on terminal O atoms. Epoxy formation is the favorable
sequential oxidation path on V,04(001) and MoVTeN-
bO(001), while CH;CHO formation path is favored in pores
because of inaccessible terminal V=O sites and different
bonding properties and the steric structure of bridging V—O—
Mo sites. The barriers for these steps for the three catalyst
models are shown in Tables 3—5 along with the corrections to
the barriers in MoVTeNbO(001) derived using the two-layer
models. The influence of these barriers on rate constant ratios
and their comparisons to the measured rate constant ratios are
discussed next.

3.6. Activation Enthalpy and Entropy Differences and
Rate Constant Ratios Relevant to Selectivity. Table 7
shows vdW-DF2-derived enthalpy and entropy differences
between parallel steps involving C—H activation and C—O
bond formation in the C,H; radical (AH, — AH}, AS, — AS};
Scheme 1b; eq 8) and between primary C—H activation in
C,H; and sequential C,H, oxidation (AH; — AH,, AS; —

Table 7. vdW-DF2-Derived Enthalpy and Entropy
Differences between C—H Activation and C—O Bond
Formation in the C,H; Radical via Parallel Steps (AH, —
AH;j, AS, — AS;) and between Primary C—H Activation in
C,H, and Sequential C,H, Oxidation (AH; — AH,, AS; —
AS,) on V,05 and MoVTeNbO

AAH (I mol™) AAS (J mol™' K™')

AS, — AS; —
model AH, — AH; AH; — AH, AS] AS,
V,04(001) -6 -37 -13 -33
MoVTeNbO pores  +80 +14 -19 =25
MoVTeNbO(001)  +29 (+4)°  —4 (—38)" -18 -36

“Values in parentheses include corrections to electronic energies
derived from adding a second layer to the MoVTeNb(001) model.
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Figure 7. vdW-DF2-derived and measured rate constant ratios k,/k; (green lines, triangle symbols) and k;/k, (blue lines, square symbols) relevant
to C,H, selectivity in C,H; ODH as a function of reciprocal temperature on (a) the V,04(001) model and VO,/SiO, catalyst, (b) the
MoVTeNbO bulk pore model and MoVTeNbO catalyst, and (c) the MoVTeNbO(001) model and MoVTeNbO catalyst. Dashed lines represent
best regression fits to the forms of eqs 8 and 11. Solid lines represent predicted trends form Table 7 and egs 8 and 11.

AS,; Scheme 1b; eq 8) on V,04(001) and MoVTeNbO pores
and MoVTeNbO(001). These values are derived from
differences among activation barriers in Tables 3—5 for each
catalyst model, and they determine rate constant ratios relevant
to C,H, selectivity, as described by Scheme la and egs 8 and
11. The corresponding measured enthalpy and entropy
differences derived from measured rate constant ratios on
VO,/Si0, and MoVTeNbO samples are shown in Table 2.
The measured and DFT-derived rate constant ratios are
compared in Figure 7.

The vdW-DF2-derived AH, — AHj and AS, — AS; values
on V,0,(001) (=6 kJ] mol™* and —13 J mol™" K7},
respectively, Table 7) and the corresponding measured values
on VO,/SiO, (=18 + 1 k] mol™" and —28 + 1 J mol™* K7},
respectively, Table 2) exhibit negative values, which show that
enthalpies favor oxygenate formation steps, while entropy
losses favor C,H, formation. The enthalpy—entropy trade-offs
for DFT-derived values are slightly weaker than the measure-
ments, leading to rate constants of similar magnitudes but
lower temperature dependence in DFT values (k,/k,, Figure
7a). The DFT-derived AH; — AH, and AS; — AS,; values

28184

(=37 k] mol™ and —33 J mol™ K™!, Table 7) are very similar
to the corresponding measured values (—44 =+ 4 kJ mol™" and
—34 + 6 ] mol™! K™', Table 2), which leads to k;/k, values
only slightly lower than measurements (Figure 7a). Small
differences between computation and measurements may arise
from a variety of factors including the requirement of more
than two layers to accurately describe V,0O; surfaces,
inaccuracies in low-frequency and harmonic oscillator
estimates or in DFT functionals, and requirements for
ensemble averaging over multiple configurations or steps for
reactions. They are unlikely to arise, however, from O
vacancies because reoxidation of reduced centers in these
samples is rapid™* or from peroxo species because reoxidation
steps tend to favor “outer-sphere” routes over those that form
peroxo species by making and breaking M—O bonds in the
“inner sphere”.”>

Reactions inside the MoVTeNbO pores lead to DFT-
derived AH, — AH] values that are much higher than
measurements on MoVTeNbO catalyst samples (=5 + 7 and
+80 kJ mol ™" in Tables 2 and 7, respectively) and DFT-derived
AS, — AS] values less negative than measurements (—37 + 11
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and —19 J mol™ K' in Tables 2 and 7, respectively). The
AH; — AH, values from DFT are similar to measured values
(+15 + 10 and +14 kJ mol™ in Tables 2 and 7, respectively),
but the AS; — AS, values are more negative than measure-
ments (+10 + 15 and —25 J mol™ K™' in Tables 2 and 7,
respectively). The k,/k; values derived from DFT are 3-S5
orders smaller than measurements, while the k;/k; values are 2
orders of magnitude smaller (Figure 7b). These results suggest
that selectivity to C,H, from DFT estimates in pores is much
higher than selectivity measured on catalyst samples.

The DFT-derived enthalpies and entropies on MoVTeN-
bO(001) one-layer models also differ significantly from
measurements on MoVTeNbO catalyst samples, which lead
to rate constant ratios lower than the measurements (Figure
7¢c) and in between selectivities of MoVTeNbO pores (Figure
7c) and V,04(001). Corrections derived from two-layer
MoVTeNbO(001) models (details in Section 3.5.4), however,
show that k;/k; values on these materials are much higher than
measurements on MoVTeNbO catalysts and similar to
V,05(001) (Figure 7a,c). Therefore, the (001) surfaces exhibit
low selectivity to C,H, for both types of catalysts.

The C,H, selectivities indicated by activation barriers inside
the pores are much higher than the measured values on
MoVTeNbO catalysts, which suggests that the measurements
may reflect a combination of C—H activations in pores and C—
O bond formations via parallel and secondary steps at external
surfaces. The latter steps are favored more strongly by terminal
V=0 bonds in (001) surfaces, which can contribute to
selectivity decreases even if primary C—H activations occur
predominantly within pores. Therefore, passivating the external
surfaces by oxide layers more inert than the bulk oxides may
lead to higher selectivity by restricting the reactivity to the
pores of such microporous oxides.

The activation barrier differences in Table 7 and rate
constant ratios in Figure 7 show that external surfaces
containing terminal V=0 bonds oxidize C,H, more rapidly
than forming it via C—H activation in C,Hy The terminal
Te=O0O bonds in the MoVTeNb(001) surfaces also exhibit
C,H, oxidation rates higher than C—H bond activation,
suggesting that such sites are also much less selective than the
pores (comparisons shown in Table S13, Supporting
Information). Thus, terminal O atoms tend to favor C—O
bond formations that oxidize C,H,, irrespective of the metal
atom involved. These results did not involve analysis of
bridging O atoms exposed on (001) surfaces on MoVTeNbO
and V,0;. Two possibilities exist: (i) other O atoms on the
(001) surfaces are also unselective, and the selectivity of the
M1 phase originates uniquely from the properties of the pores;
and (ii) M—O—M bridging O atoms are more selective than
M=O0 terminal O atoms even on (001) surfaces, but the more
reactive nature of the terminal O atoms makes the (001)
surfaces unselective overall, while the absence of accessible
terminal O atoms makes the pores selective. We probe these
two possibilities and obtain insights into the types of
interactions relevant to selectivity by examining differences
between C,H, and C,Hg activation barriers and contributions
of van der Waals (vdW) and steric forces on these barriers on
several different O atoms with different metal coordinations.

3.7. Effects of Lattice O Atom Coordination, HAE
Values, and vdW and Steric Forces on Selectivity and
Activation Barriers. The difference between electronic
energies of C,H, epoxidation and C,Hs; C—H activation
transition states as a function of HAE of the O atom involved

in these reactions for five different terminal O atoms and four
different bridging O atoms is shown in Figure 8. This

100
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Figure 8. vdW-DF2-derived difference between electronic energy
barriers for epoxidation of C,H, and C—H activation in C,Hg as a
function of HAE for lattice O atoms on V,04(001) (closed black
squares), on MoVTeNbO(001) (open black squares), and inside a
MoVTeNbO pore (open red square). Numbers in parentheses
represent site numbers shown in Figure 1. Dashed curve shows
quadratic best fit to value for terminal O atoms (M=O0).

activation barrier difference represents the AE; — AE, value
relevant to the k;/k, ratio at terminal V=0 sites (Figures 4
and 6, eq 11, and Table 7). A more negative AE; — AE, value
represents higher k;/k; value and lower C,H, selectivity at
finite conversions. The bridging V—O—Mo sites instead
convert C,H, to acetaldehyde (Figure S) but involve the
same first C—O bond formation step in C,H, adsorption as the
epoxidation reaction (comparison of CH;CHO formation and
epoxidation steps shown in Figure S5, Supporting Informa-
tion). Here, the epoxidation transition state is considered to
represent C—O bond formation properties for both terminal
and bridging O atoms.

The activation energy differences on all terminal O atoms
fall on a nearly linear curve and become lower for more
negative HAE values (Figure 8). The more negative HAE
values represent greater ability of O atoms to accept a H atom
from a hydrocarbon and form one-electron reduced center in
the oxide; therefore, C—H activation energies tend to correlate
with the HAE values."”?' The epoxidation steps, however,
require the transfer of O atom to the C,H, molecule involving
two-electron reduction of the oxide. As a result, the
epoxidation transition-state energies have a stronger depend-
ence on the HAE values than the C—H activation reactions,
leading to the difference between the two barriers that still
depends on HAE with the same sign of the slope as each of the
barriers involved in the difference. Thus, the data in Figure 8
show that more reactive terminal O atoms are less selective to
C,H, because they exhibit greater tendency toward oxidizing
C,H,.

The activation energy difference for bridging O atoms lies
well above the trends for terminal O atoms (Figure 8),
suggesting smaller k;/k; values and greater resistance to C,H,
over oxidation than terminal O atoms with similar HAE values.
This improved C,H, selectivity, however, is not uniform for all
types of bridging O atoms. The V=0O—V O atoms are only
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Figure 9. (a) vdW-DF2-derived formation energy and (b) vdW interaction (EW), catalyst distortion (ES4Y), and molecular distortion (Epoiecule)
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Figure 10. (a) vdW-DF2-derived formation energy and (b) vdW interaction (EXW), catalyst distortion (ES%Y), and molecular distortion

int

(Emolecule) energy components for C,H, epoxidation transition states as a function of HAE for lattice O atoms on V,05(001) (closed black
symbols), on MoVTeNbO(001) (open black symbols), and inside a MoVTeNbO pore (open red symbols). Numbers in parentheses represent site
numbers shown in Figure 1. Dashed curves represent quadratic best fits to values for terminal O atoms (M=O0).

slightly more selective, and the activation energy difference for
this site remains below zero, indicating moderate C,H,
selectivity and resistance to overoxidation (site 2, Figure 8).
In contrast, the tri-coordinated V,—O—V bridging O atoms are
much more resistant to C,H, overoxidation, as indicated by
activation energy difference of nearly SO kJ mol™' (site 3,
Figure 8). The V—O—Mo bridging O atoms in the heptagonal
rings also exhibit positive activation energy differences of
magnitudes slightly smaller than the V,—O—V site in both bulk
pore and one-layer (001) surface models (site 4, Figure 8),
indicative of high selectivity. Next, we consider each of the two
transition states that lead to the energy differences shown in
Figure 8 and analyze the vdW and steric components of their
energies.

Figures 9 and 10 show the electronic energies of the C—H
activation and the C,H, epoxidation transition states,
respectively, as a function of HAE for the different O atom
sites shown in Figure 8, along with vdW interactions energies

28186

between molecules and surfaces (or pores) and the distortion
energies of the molecules and the surfaces for these transition
states. The vdW interaction energy (E}a") is given by the
difference in the vdW component of the electronic energy
between the transition state and its precursors

vdW

_ vdW
=E TS

vdW
E - EMO* -

int

vdW
Emolecule(g)

(12)
where the subscripts TS, MO*, and molecule(g) represent a
transition state, a bare O atom site on the oxide surface, and a
gaseous C,Hy molecule, respectively. The catalyst distortion
energy represents the electronic energy difference for the bare
catalyst (MO* species) between its distorted form that
resembles the atomic arrangement in the transition state and
its fully relaxed form

Ecatalyst

distort EMO*,TS config EMO“<

(13)
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The molecule distortion energy represents the electronic
energy difference for the C,Hy or C,H, molecule between its
distorted form that resembles the atomic arrangement in the
transition state and its fully relaxed gaseous form

molecule __
Edistort =E

molecule, TS config — Emolecule(g) (14)
The E{" value represents the attractive guest—host interaction
energy due to weak dispersion forces that greatly stabilize

molecules cavities of molecular dimensions. The ES@Y and

Exdlectle values represent the degree of discomfort for the
reactant and molecule, respectively, to accommodate each
other and, therefore, account for the steric hindrances to
forming the transition states. Such quantities have been
proposed as descriptors of reactivity and selectivity trends in
zeolites containing pores of molecular dimensions.”””” Here,
we use these values to determine differences between reactivity
preferences for the different types of O atoms involved in C—H
activation and C—O bond formation reactions.

The C—H activation energies are lower for more negative
HAE values and fall on a single curve for all terminal and
bridging O atoms except the V—O—Mo bridging O atom in
the pores of bulk MoVTeNbO that shows a lower activation
energy (Figure 9a). The curve describing the activation energy
as a function of HAE exhibits a lower slope at more negative
HAE values; these trends are consistent with decreasing
lateness of transition states but also include effects of changes
in vdW interaction contributions that change nonlinearly with
HAE (Figure 9b). The vdW interaction, molecule distortion,
and catalyst distortion terms also exhibit a single-valued
relation for all O atoms except the V—O—Mo bridging O
atoms (Figure 9b). The ES2 values are nearly constant for all
other O atoms because the incipient formation of the O—H
bond at the transition states does not cause significant changes
in M—O bond distances in the framework of oxide crystals.
The ERSe® values are lower for a more negative HAE value
because the transition states occur earlier with less elongated
C—H bonds. The V—O—Mo O atom in the pores exhibit E}%"

int

values much more negative than other O atoms and Efi?;?iyrit

values slightly higher than other O atoms (Figure 9b). The
higher ES%S values are consistent with the tight pores in
which elongation of the C—H bond in C,Hg to form the C—H
activation transition state requires slight distortion of the
catalyst framework. These both vdW interactions and
distortions caused by steric hindrances contribute to the
energy of the C—H activation transition state in the pores, but
the vdW effects are much stronger, leading to an overall greater
stability of the transition states inside the pores.

The C,H, epoxidation transition-state energies are also
lower for more negative HAE values, but unlike C—H
activation, all bridging O atoms in this case exhibit higher
activation energies than the curve describing the trends for
terminal O atoms (Figure 10a). This higher activation energy
for bridging O atoms leads to greater resistance to over-
oxidation of C,H,. Figure 10b shows that this higher activation
originates primarily from the catalyst distortion term. In
contrast to the C—H activation transition state (Figure 9b), the
ESSDS values are significantly higher than the ER5® values
for C,H, epoxidation, indicating that forming C—O bonds for
epoxidation significantly perturbs the M—O bonds and leads to
higher distortion energies of the crystalline framework of the
catalyst. The ES2t values for V—O—V bridging O atoms are
only slightly higher than the trends for terminal O atoms

(Figure 10b) because these O atoms make V—O—V angles
protruding from the surface requiring less perturbation than
other bridging O atoms for C—O bond formation (site 3,
Figure la). In contrast, the tri-coordinated V,—O—V O atom
protrudes less from the surface and requires perturbation of
three V—O bonds to form C—O bonds, which leads to much
higher distortion energy. For the V—O—Mo bridging O atom
in MoVTeNbO, the ESY for the transition state within the
pores is higher than the transition state at the (001) surface,
which is consistent with greater steric restrictions in the pore
environment (Figure 10b). The transition state within the
pores, however, also benefits from stronger vdW stabilization
(Figure 10b), and therefore, the epoxidation transition-state
energy is lower inside the pores than at the (001) surface
(Figure 10a).

Thus, both C—H activation and C—O bond formation steps
are influenced by vdW and steric forces inside the pores
(Figures 9b and 10b). For C—H activation, the vdW
stabilization is more significant than steric hindrance (Figure
9b), leading to lower C—H activation energy than all other O
atoms. For C—O bond formation, the steric hindrance is more
significant (Figure 10b), leading to higher activation energy
than all terminal O atoms. The difference of these two
properties confers the selectivity indicated by the activation
energy differences in Figure 8.

Taken together, these data and detailed analyses not only
confirm that the seven-membered ring pores of MoVTeND are
more selective for C;H; ODH than (001) surfaces but also
quantify energy components that led to the selectivity
differences among a variety of different lattice O atoms and
understanding what properties of oxides are important for C—
H activation and C—O bond formation reactions. HAE values
of O atoms are descriptors of reactivity for both types of
reactions but not complete descriptors because vdW and steric
affects matter significantly. The coordination of O atoms is
important for C—O bond formation reactions but not for C—H
activation reactions. Bridging O atoms tend to exhibit greater
steric restriction to C—O bond formation indicated by catalyst
distortion energy. The tri-coordinated V,—O—V O atoms at
V,04(001) surfaces are especially resistant to C—O bond
formation, despite highly favoring C—H activations, due to
high catalyst distortion energies, which makes these sites highly
selective to ethane ODH. Such selectivity remains undetected
in measurements because the unselective C—O bond
formation steps can readily occur at adjacent V=0 sites
with terminal O atoms. Inside the MoVTeNbO pores, the
terminal O atoms are inaccessible, which makes the selective
properties of the bridging V—O—Mo O atoms detectable in
measurements. The HAE, vdW interactions, and distortion
energies are important descriptors or reactivity and selectivity
for hydrocarbon oxidation, which may help identify and
understand properties of other suitable oxides for selective
oxidation via computational and experimental approaches.

4. CONCLUSIONS

DFT calculations are used to probe reaction paths for
dehydrogenation of C,H¢ to C,H, and formation of oxygen-
ates via parallel and subsequent C—O bond formation steps at
different types of O atoms on V,04(001) surfaces and the
(001) surfaces and the 0.4 nm one-dimensional pores formed
from seven-membered rings in layered MoVTeNbO ortho-
rhombic crystals. The rate constant ratios relevant to C,H,
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selectivity are compared to measured values on VO, /SiO, and
M1-phase MoVTeND oxides.

The effect of conversion on C,H, selectivity measured on
catalyst samples shows that rate constant ratios representing
the sequential reaction of C,H, relative to the primary C—H
activation (k;/k;) are much larger than the ratio representing
parallel reactions of the C,Hj radical to C,H, and oxygenate
products (k,/k,), suggesting that sequential reactions present
more significant selectivity restrictions. Measured values for
rate constant ratios are much larger on VO,/SiO, than
MoVTeNbO, consistent with much higher C,H, selectivity in
the latter catalyst. The DFT-derived values of these rate
constant ratios on (001) surfaces of V,05 and MoVTeNbO are
much larger than ratios inside the pores of MoVTeNbO,
suggesting that the high selectivity in MoVTeNbO oxides
originates from the pores and not from the (001) surfaces. The
rate constant ratios derived from preferred paths in DFT
calculations for V,04 samples are similar to measured values
on VO,/SiO, samples. In contrast, the ratios on (001) surfaces
and pores are much larger and much smaller, respectively, than
the measured values for MoVTeNDbO catalysts. These
comparisons suggest that selectivity measured in the MI-
phase samples may include some contributions from
unselective external surfaces.

DFT calculations show that C—H activations and C—O
bond formations leading to C,H, and oxygenates, respectively,
prefer to involve terminal O atoms on (001) surfaces. The C—
H activations on MoVTeNbO(001) surfaces at bridging O
atoms exhibit similar activation energies at terminal O atoms,
but C—O bond formations exhibit significantly greater
preference for terminal O atoms. Terminal O atoms are
inaccessible within the pores of MoVTeNbO bulk oxide, which
leads to high C,Hy activation rates and C,H, selectivity. The
tendency of different O atoms to limit selectivity by
overoxidizing C,H, is probed using the difference between
activation energies for epoxidation of C,H, and C—H bond
cleavage in C,H¢ on various bridging and terminal O atoms on
(001) surfaces on both oxides and in pores on MoVTeNbO.
The low overoxidation tendency for bridging atoms originates
from steric forces reflected in energy required to distort metal
oxygen bonds when forming epoxidation transition states;
these distortion energies are much lower for terminal O atoms.
The bridging O atoms in pores show such high distortion
energies as that on (001) surfaces but also provide greater vdW
stabilization to C—H activation transition states than
epoxidation transition states. Such effects of lattice O atom
coordination and pore confinement are accurately described by
HAE values, vdW interaction energies, and framework
distortion energies that can be used as descriptors of rates
and selectivity for C,Hs; ODH.
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