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ABSTRACT: Oxidative dehydrogenation of ethane (ODHE) is an essential Oxidation Catalysis of Ethane Oxidation over Mo,VO,
reaction in modern society to produce ethylene. The orthorhombic Mo;VO, 7, N

catalyst (MoVO) was reported as one of the best catalysts for this reaction after a
particular redox treatment to generate lattice oxygen defects. This study elucidates
the location and nature of the defect sites as well as how molecular oxygen is
activated toward the ODHE. The insights into the active site formation and
guidelines for its design were gained through structural characterization,
quantification of oxygen defects, and experimental and theoretical investigation
of the reaction mechanisms. Peroxo formed at the defect sites of the bridging
oxygen facing the heptagonal channel was found to drive the reaction efficiently.

Catalytically Active
Oxygen Species

KEYWORDS: crystalline Mo3VO,, oxidative dehydrogenation of ethane, micropore, active oxygen species, reaction mechanism

Bl INTRODUCTION

Ethylene is an important commodity chemical and is the most
extensively manufactured petrochemical worldwide.'™ Re-
cently, oxidative dehydrogenation of ethane (ODHE) has
attracted considerable attention for ethylene production, and
crystalline Mo—V—Te—Nb oxide (MoVTeNbO) is known as a
state-of-art catalyst for this reaction.'”® MoVTeNbO consists
of a network arrangement based on {NbMo;0,,}"~ pentagonal
unit (PU) and {MOg¢} octahedral (M = Mo, V), forming
hexagonal and heptagonal channels in the crystal structure,
where Te = O locates mainly in the former and partially in the
latter (Figure 1a).” As the structural analogous with
MoVTeNbO, we synthesized crystalline orthorhombic
Mo,VO, (MoVO).' Different from MoVTeNbO, MoVO
consists of {Mog0,,}*” PU, and the hexagonal channel is
partially occupied with V = O while its heptagonal channel is
empty (Figure 1a)."'~"* These structural differences result in
huge changes in their microporosity (Figure S1b); the
adsorption property of MoVTeNbO is poor, whereas MoVO
exhibits microporosity derived from the empty heptagonal
channel ®'11* Strikingly, MoVO demonstrates far superior
catalytic activity to MoVTeNbO for this reaction (Figure
S IC).”’IS

Previously, we reported that ethane molecules enter the
empty heptagonal channel micropore of MoVO and are
oxidatively dehydrogenated to form ethylene and H,O during
the ODHE."'°~"® We also found that specific lattice oxygens are
irreversibly removed with appropriate redox treatments from
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the crystal structure, which resulted in a drastic increase in the
catalytic activity."'®"? We speculated that the resulting lattice
oxygen defects act as highly active catalytic sites around the
heptagonal channel micropore. However, details of these
lattice oxygen defects, including their structural sites and roles
in catalysis, remain elusive. In this study, we experimentally
and theoretically clarify the structural sites and catalytic
functions of these lattice oxygen defects in MoVO through the
direct observation of active oxygen species.

B RESULTS

Generation of Lattice Oxygen Defects in the MoVO
Structure. Figure 1b and Table S1 present the results of
ODHE over MoVO pretreated under various conditions.
Regardless of the pretreatments, the XRD patterns and external
surface areas were almost unchanged (Figure S2 and Table
S$1). MoVO calcined under flowing air at 400 °C for 2 h (AC-
1) presented an ethane conversion of 13.9% under the studied
reaction condition. The ethane conversion was almost
negligible when AC-1 was heat-treated at 400 °C for 2 h
under flowing 5% H,/Ar (HT-1). This inactivity was
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Figure 1. (a) Structural model of MoVO. VO, located in the hexagonal channel, is represented in the “ball-and-stick” manner for better
understanding. (b) Ethane conversion over AC-1, HT-1, and AC-2. Reaction conditions: reaction temperature, 300 °C; catalyst amount, 0.50 g;
and reactant gas, C,Hy/O,/N, = 5/5/40 mL min™". (c) Reaction rate is a function of the C—H dissociation energy of alkanes over AC-1, AC-2,
and V,0;. Reaction conditions: reaction temperature, 300 °C; catalyst amount for methane oxidation, 2.00 g (AC-1 and AC-2) or 4.00 g (V,0s);
catalyst amount for ethane oxidation, 0.025—0.10 g (AC-1), 0.01-0.05 g (AC-2), or 0.50—2.00 g (V,0;); and catalyst amount for propane
oxidation, 0.05—0.20 g (AC-1, AC-2) or 0.50—1.50 g (V,0Os): reactant gas, alkane/O,/N, = 2/2/21 mL min™".

attributed to the local structural changes around the
heptagonal channel to prevent ethane from accessing the
heptagonal channel.'"'® By contrast, the ethane conversion
drastically increased after the oxidation treatment of HT-1
(AC-2), and the ethane conversion reached a remarkable value
of 34.6%.

This observation is characteristic of the ODHE. Figure 1c
presents the relationships between the reaction rates of various
alkanes and their bond dissociation energies (BDE). When
V,0;5 was used as the typical oxidation catalyst, the reaction
rate linearly changed with the BDE of the alkane. However, the
reaction rate for ethane conversion was exceptionally high over
MoVO catalysts and the catalytic activity over AC-1 and AC-2
was different only in the ODHE (ODHE rate: AC-1, 2.1 mmol
min™! g_l; AC-2, 6.0 mmol min ! g_l; see Figure S3). It is
thought that under the reaction conditions employed, only the
ethane molecule could go through the heptagonal channel
micropore for conversion; hence, the differences in local
structures between AC-1 and AC-2 significantly affected their
catalytic activity. Regarding this point, the reaction rate in
methane oxidation was comparable between AC-1 and AC-2,
although the heptagonal channel micropore could adsorb
methane, as will be discussed later. The accessibility of
methane through the heptagonal channel micropore under the
adopted reaction conditions (kinetics conditions) is currently
under investigation in our lab.

Previously, we identified two types of lattice oxygens in the
MoVO structure.” One type can be irreversibly removed via
reduction and barely restored via reoxidation. The other can be
removed via reduction but restored via reoxidation. Herein, we
denote the former oxygen as @-oxygen and the latter as f-
oxygen. We previously reported that the removal of a-oxygen
significantly increased the catalytic activity of the ODHE.""'*
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Hence, the location and quantity of a-oxygen defects are
investigated in detail.

Figure 2 summarizes the TPR/TPO profiles of AC-1 (TPR,
Figure 2ab), HT-1 (TPO, Figure 2¢,d), and AC-2 (TPR,
Figure 2e,f) recorded by TCD or mass spectrometry. TPR was
first conducted on AC-1 to obtain HT-1. AC-1 showed two
TPR peaks: the first peak was attributed to the desorption of
physically adsorbed H,O, and the second peak was attributable
to the reduction of the MoVO structure with H,, producing
H,O through the reaction with lattice oxygens (Figure 2a,b).
The corresponding weight loss was observed in the TG
measurement (Figure S4a). The amount of lattice oxygen
removed was determined using the second TPR peak and was
6.9/unit cell (unit cell of MoVO: Mosg,V,;50;14)."

Thereafter, HT-1 was subjected to TPO to obtain AC-2.
There are multiple peaks that overlap in the TPO profile
(Figure 2c). According to the mass profile, the first shoulder
peak was assigned to the desorption of H,O, and the following
peak was attributed to the oxidation of the MoVO structure
(Figure 2d). A weight gain was observed in the TG
measurement during the oxidation process (Figure S4b). The
amount of oxygen restored during this oxidation process was
determined to be 3.6/unit cell. Based on the differences
between the amount of lattice oxygen removed in TPR (6.9/
unit cell) and that restored in TPO (3.6/unit cell), it is evident
that 3.3/unit cell of lattice oxygen is irreversibly removed via
reduction (a-oxygen).

TPR was again conducted on AC-2. In this case, the TPR
profile appeared almost flat during heat treatment (Figure
2e,f). The amount of lattice oxygen removed was determined
to be 3.7/unit cell. Based on the amounts of lattice oxygen
removed from AC-1 (6.9/unit cell) and AC-2 (3.7/unit cell),
the amount of a-oxygen was calculated to be 3.2/unit cell. This
quantification result was consistent with the value estimated
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Figure 2. (a,b) TPR (a) and mass (b) profiles of AC-1 were recorded under 5% H,/Ar flowing at 70 mL min~". (¢, d) TPO (c) and mass (d)
profiles of HT-1 were recorded under 5% O,/He flowing at 50 mL min™". (e, f) TPR (e) and mass (f) profiles of AC-2 were recorded under 5%
H,/Ar flowing at 70 mL min™". m/z = 2 (pink), H,; m/z = 18 (blue), H,O; m/z = 32 (red), O,; and m/z = 40 (green), Ar.

from the TPR of AC-1 and the TPO of HT-1 (3.3/unit cell).
Despite the difficulty in precisely quantifying changes in the
amounts of lattice oxygen during the redox treatments by the
TG measurements owing to the detection limit, the amount of
a-oxygen estimated based on the weight changes was 2.5—4.2/
unit cell, close to those determined by the TPR/TPO
experiments.

Next, neutron diffraction (ND) measurements were
conducted on AC-1 and AC-2 to determine the location site
and occupancy of the lattice oxygen.”’”>° Figure S5
summarizes the results of the Rietveld refinements. The
simulation patterns fitted well with the experimentally obtained
patterns in every case. The amounts of lattice oxygen estimated
from the refined crystal structure were 111.4/unit cell for AC-1
and 108.4/unit cell for AC-2. Thus, the amount of lattice
oxygen in AC-2 was 3.0/unit cell lower than that in AC-1, and
the values were consistent with those determined above. The
lattice oxygen showing an occupancy decrease of >5% when
preparing AC-2 is marked in Figure 3a. Such lattice oxygens
were concentrated within the pentamer unit (Pen). The
occupancies of the lattice oxygen constituting PU and Pen in

15528

AC-1 were 99 and 98%, respectively, whereas these
occupancies were 96 and 93% in AC-2, respectively. The
fractions of lattice oxygen presenting an occupancy decrease of
>5% when preparing AC-2 were 29% in PU and 70% in Pen,
respectively. These results imply that the oxygen occupancy in
Pen was substantially decreased during AC-2 preparation.
AC-1 and AC-2 were subjected to annular bright-field
scanning transmission electron microscopy (ABF-STEM)
measurements. In these experiments, weak spots derived
from the lattice oxygen were detected between the dark
spots derived from the constituent metals.”**” Figure 3b—e
shows representative ABF-STEM images of AC-1 and AC-2
captured along the (001) plane (see Figures S6 and S7 for
additional images). Oxygen contrasts in the PU (OCpy) and
Pen (OCp,,) were measured for 150—200 points, respectively,
and were averaged to calculate the OCpy/OCy,, ratio. In these
measurements, the intensity of the contrasts increased when
the occupancy of lattice oxygen decreased; therefore, a lower
OCypy/OCy,, ratio indicates a lower occupancy of OCp,,
compared to that of OCpy. For AC-1, the OCypy/OCp,, ratio
was 0.86. However, the ratio obtained for AC-2 was 0.81,

https://doi.org/10.1021/acscatal.3c04591
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Figure 3. (a) Structural model of MoVO: Mo, green; V, gray; and O,
red. PU and Pen are marked by blue and red dotted circles. The
lattice oxygens presenting an occupancy decrease of >5% when
preparing AC-2 are marked by black circles. (b—e) ABF-STEM
images of AC-1 (b,d) and AC-2 (ce). Black enclosure in (b,c) is
expanded to present (d,e). The red and blue arrows in (d,e) indicate
the sites of lattice oxygen in Pen and PU, respectively. (f) Micropore
volumes of AC-1 and AC-2 were measured using various probe
molecules. The blue dotted line indicates the theoretically calculated
micropore volume of an empty heptagonal channel (23.4 X 107 cm®
g™"). (g) Diagram of lattice oxygen migration around the heptagonal
channel upon molecule entry. Mo, green; V, gray; O, red; C, gray; and
H, white. Migrated oxygen atoms are shown in yellow for better
understanding.

which was slightly lower than that for AC-1. This statistical
estimation implies that the occupancy of lattice oxygen
constituting Pen preferentially decreased when preparing AC-
2.

Based on the results of the ND and ABF-STEM measure-
ments, we found that Pen preferentially generated lattice
oxygen defects when preparing AC-2, which would relate to a-
oxygen defects. As Pen constitutes the heptagonal channel
micropore as the catalysis field for the ODHE, we investigated
the microporosities of AC-1 and AC-2. Adsorption experi-
ments were conducted using probe molecules with kinetic

diameters ranging from 0.33 nm (CO,) to 0.43 nm
(propane)."* The resulting adsorption isotherms are presented
in Figure S8. As reported previously, AC-1 and AC-2 showed
adsorption properties for these molecules, although HT-1
showed almost no adsorption.'' Figure 3f presents the
micropore volumes of AC-1 and AC-2 measured using various
probe molecules as a function of their kinetic diameter. For
AC-1, molecules with a size smaller than methane (0.38 nm)
were adsorbed up to the theoretically calculated micropore
volume of the empty heptagonal channel (23.4 X 107 cm’
g™")."" However, the amount of micropore adsorption
decreased when ethane (0.40 nm) was used, and this was
almost negligible when propane was used (0.43 nm). By
contrast, AC-2 adsorbed a substantial amount of propane (14.8
X 1073 cm® g7"), indicating that a-oxygen removal expands the
heptagonal channel micropore size enough to adsorb propane.

As the ND and ABF-STEM measurements implied, a-
oxygen defects are preferentially distributed within Pen in AC-
2. The adsorption experiments indicated an expansion of the
heptagonal channel with a-oxygen removal. Based on these
results, we propose that lattice oxygen migration occurs upon
molecule entry into the heptagonal channel owing to changes
in the bond length or its angle around the micropore (Figure
3g). This migration leads to oxygen defect localization at the
site of the bridging oxygen in the Pen facing the heptagonal
channel, resulting in the expansion of the micropore.
Considering the quantity of this lattice oxygen (4/unit cell)
and that of the lattice oxygen irreversibly removed during the
preparation of AC-2 (3.2—3.3/unit cell), approximately 80% of
these lattice oxygen sites become vacant when molecules enter
the heptagonal channel micropore.

Electronic Structure of MoVO after a-Oxygen
Removal and Active Oxygen Species. Next, we inves-
tigated the electronic structure of MoVO after a-oxygen
removal by DFT calculations using the periodic crystal
structure (see Supporting Information for details of crystal
structure modeling).

DEFT calculations results obtained using the structural model
devoid of V = O in the hexagonal channel are summarized in
Table 1 and Figure 4, and the corresponding electronic
structures are presented in Figure S9. For the structural model
containing no lattice oxygen defects (fresh model, Figure 4a),
Mo at the center of Pen (Mo029) and Mo and V in Pen facing
the heptagonal channel (Mo2S and V4) had Bader charges of
2.39e7, 2.39¢7, and 2.00e”, respectively, and their spin
densities were negligible (Table 1). Thereafter, the bridging
oxygen in the Pen facing the heptagonal channel was removed
to create an a-oxygen defect (defect model, Figure 4b). The
Bader charges and spin densities were not significantly different
in Mo29 and V4. However, the Bader charge in Mo25
decreased to 2.04e”, and the spin density was increased to

Table 1. Physicochemical Properties of Metals and Oxygen Around the Heptagonal Channel in the Model in the V = O

Absence Model

structural model  Eg,/kcal mol—'  0105—0109 distance/A Bader charge spin density

Mo2$§ V4 Mo29 0105 0109 Mo2$§ V4 Mo29 0105 0109
fresh 2.39 2.00 2.39 0.01 0.02 0.00
defect 2.04 1.91 248 1.78 0.03 0.15
molecular O, 0.0 1.23 2.05 1.93 2.44 —0.00 —0.01 1.77 0.03 0.17 1.00 0.99
superoxo —18.7 1.31 228 1.96 2.37 —0.08 —0.40 0.82 0.02 0.14 0.68 0.33
peroxo =314 142 2.42 1.93 2.51 —0.29 —0.47 0.004 0.02 0.00 0.001 0.001
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1.78, indicating the localization of nearly two electrons on
Mo2S. Then, molecular oxygen (0105 = 0109) was
introduced into the heptagonal channel in the defect model.
Three structural models were obtained after geometry
optimizations: (1) molecular oxygen without activation
(molecular O, model, Figure 4c), (2) molecular oxygen
activated as superoxo (superoxo model, Figure 4d), and (3)
molecular oxygen activated as peroxo (peroxo model, Figure
4e). The O—O distances were consistent with those of the
corresponding oxygen species (Table 1).”** Among these
structural models, the peroxo model was the most stable, and
the interaction energy between the oxygen molecule and the
heptagonal channel (E,,) was calculated to be —31.4 kcal
moly, ™ as compared with the molecular O, model. In the
molecular O, model, the Bader charges, and spin densities
were almost the same as those in the defect model. However,
the Bader charge of Mo25 increased with a decrease in the spin
density in the superoxo model, and these changes became
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more pronounced in the peroxo model. In the peroxo model,
the Bader charge and spin density of Mo2S were 2.42e” and
0.004, respectively, indicating the disappearance of electrons
localized on Mo25.

For the oxygen molecule introduced into the heptagonal
channel (0105 and 0109), the Bader charges were almost
zero, and the spin densities were almost one in the molecular
O, model, indicating the biradical nature.’” However, the
Bader charge increased with a decrease in the spin density in
the superoxo model, and this trend was more striking in the
peroxo model. The Bader charges and spin densities of 0105
and 0109 in the peroxo model were —0.29¢™ and —0.47e™ and
0.001 and 0.001, respectively, indicating the gain of electrons.
According to these results, we concluded that the electrons
localized on Mo2S were transferred to molecular oxygen to
generate peroxo. Note that the Bader charges of the lattice
oxygens in the framework structure were in the range of
—0.62——0.95, and these values were substantially lower than
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Figure 5. Values presented in the top and side views indicate the distance, and those presented in the spin density view indicate the spin density.
(a) Transition state of hydrogen atom abstraction by peroxo. An electron was transferred to adjacent Mo. (b) Hydrogen atom abstraction from
ethane while leaving the ethyl radical. (c) Structural image of a second hydrogen atom abstraction. To represent the molecular structure during the
hydrogen abstraction, the O—H distance was fixed at 2.000 A. The cation intermediate formed three-center, two-electron bonding.

those for peroxo, implying that peroxo has an electrophilic
nature.”’ Almost the same conclusion was drawn for the
structural model containing V = O in the hexagonal channel
(Table S2 and Figure S10). It is important to note that when
molecular oxygen transforms into lattice oxygen, four-electron
reduction is necessary (O, + 4~ — 202_). In the current case,
the molecular oxygen can gain only two electrons at the defect
since electrons are localized on the defect-adjacent metals. This
electron localization could account for the irreversible removal
of a-oxygen during the redox treatments.

To experimentally confirm the generation of peroxo, we
conducted in situ IR experiments using molecular oxygen
isotopomers over AC-2. The IR spectra obtained in the
presence/absence of oxygen are shown in Figure Slla—d.
Figure 4f presents the difference in IR spectra obtained upon
isotope gas switching. Irrespective of the order of the isotope
gas switching, an isotope shift was observed from 936 cm™!
(*%0,/He flow) to 910 and 886 cm™" (*30,/He flow). If the IR
band of v(**0—'%0) was to be assigned to 936 cm™, the IR
bands of v(**0—"80) and v(**0—"*0) would appear at 908
and 882 cm™’, respectively. These values are consistent with
those observed experimentally (910 and 886 cm™). Vibra-
tional frequencies were then calculated by DFT calculations,
and the results obtained are summarized in Table S3. The
frequency ranges of 2(O—0) in the molecular O,, superoxo,
and peroxo models were calculated to be 1555—1558, 1107—
1138, and 950—970 cm ™}, respectively, which lies in the typical
frequency range of the corresponding oxygen species.””””*>**
The calculated frequency range of peroxo ©(O—0) was close
to the experimentally observed IR band position (936 cm™).
Based on these results, we assigned the experimentally
obtained IR band to peroxo. Notably, the IR band at 910
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cm ™! was more pronounced than that at 886 cm™, indicating
that v('*O—'%0) is the major species after isotope gas
switching. We speculate that the oxygen atom in 'S0—'%0
peroxo formed at the a-oxygen defect can be replaced with the
lattice oxygen to form 'O—'80 peroxo during the lattice
oxygen migration process as proposed above (Figure 4g).

DOS plots were drawn to investigate the electronic states.
Figure 4h presents the DOS plots of the fresh (Figure 4a),
defect (Figure 4b), and peroxo (Figure 4e) models, and the
partial DOS plots are presented in Figure 4i. In the fresh
model, a band gap was observed within the E—E; range of
—14—-0.5 eV. Upon the formation of the lattice oxygen
defect, a new electron level appeared at E—E; = —1.1 eV. The
partial DOS plot indicated that this new electron level was
associated with the Mo 4d orbital of Mo25. This electron level
disappeared upon the formation of peroxo, and a new electron
level appeared at the highest occupied molecular orbital. This
electron level was associated with peroxo, as demonstrated by
the partial DOS plot, implying that peroxo could act as a
catalytically active oxygen species.

Oxidation Catalysis of MoVO for the ODHE. We then
conducted DFT calculations for the ODHE using the periodic
electrostatic embedded cluster model.”* A structural image of
the used cluster is presented in Figures S12 and S13, and the
physicochemical properties obtained by the calculations are
summarized in Table S4.

Different from the DFT calculations conducted using the
periodic crystal structure, two electrons were distributed across
the Mo and V atoms adjacent to the defect (Table S4). This
difference would be derived from the electronic interaction
with axial metals since the defect site was created only at the
third layer among the five layers. Upon the introduction of

https://doi.org/10.1021/acscatal.3c04591
ACS Catal. 2023, 13, 15526—15534


https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04591/suppl_file/cs3c04591_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04591/suppl_file/cs3c04591_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04591/suppl_file/cs3c04591_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04591/suppl_file/cs3c04591_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04591/suppl_file/cs3c04591_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04591/suppl_file/cs3c04591_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04591?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04591?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04591?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04591?fig=fig5&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c04591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis pubs.acs.org/acscatalysis Research Article

Heptagonal
O
. 0 chan:nel o o / \ o
°< (0\//0 Mo+ " V"\*\ O, Mo V&
Mot~ 1 O/ \ / o O/ \ /\O
o\ o o 0
b/ Mo< \Moé HsC
Mo®* H H
Activation energy H
o o Calc. 22.5 keal /mol
o
\Moé( \/5+/ Obs. 19.5 kcal /mol
vl [ No HC HsC HsC
o\ S/o H—l—: H H _|_H H _|_H
Mo®* H H H
H,0 +H,C=CH, | ! !
c|> ,o\ /o\
o o o o / o} o o
o TN «— o P N ONE o ONE
AN ~ N ~ No < o AN
o\ [ M o7\ [ M o7\ [ M| o7\ [ Mo
O\ (e} O\ (@] O\ [¢] O\ o
Mo( Mo( Mog Mo"{
Final state Radical intermediate Transition state Reactant complex

Figure 6. Reaction scheme of the ODHE over MoVO inside the heptagonal channel micropore. a-Oxygen defects are marked by a dotted circle.

C—H abstraction from ethane is the rate-determining step.

molecular oxygen, the molecular O,, superoxo, and peroxo
models were obtained after geometry optimizations (Figure
S13), and the peroxo model was the most stable among them
(Table S4). The E,, values, O—O distances, and spin densities
were consistent with those obtained using the periodic
structure system (Tables 1, S2, and S4). Electrons localized
on the defect-adjacent metals almost disappeared upon the
formation of peroxo, accompanied by an increase in their spin
density, indicating that the electron transfer occurs from the
metals to the oxygen molecule.

Thereafter, an ethane molecule was introduced into the
cluster model, and transition state calculations were conducted.
Representative states are shown in Figure S and the entire
calculation results are presented in Figure S14. The ethane
molecule entered the channel vertically and established close
contact with peroxo. The ethane C—H bond was radically
abstracted by peroxo, and a spin density of —0.59 was left on
the resulting carbon (Figure Sa). At this moment, the Mo
binding with peroxo should gain the electron, as the barrier
height in this process (Mo-reduced form, 22.5 kcal mol™") is
favored over that when V gains the electron (V-reduced form,
24.2 kcal mol™"). After the hydrogen atom was abstracted, the
spin densities of C and Mo were —1.04 and +0.86, respectively
(Figure Sb). The resultant radical intermediate was then
subjected to a second hydrogen abstraction. In this case,
electron transfer from the ethyl radical to V** proceeded as an
exothermic process, and the resultant cation intermediate
variously collapsed into the final product. During this process,
the second hydrogen atom was abstracted through proton-
coupled electron transfer instead of the standard hydrogen
atom transfer, resulting in the reduction of V (spin density:
—1.03). It is noted that the reaction intermediate stabilized to
create a triangular shape by establishing three-center, two-
electron bonding, as presented in Figure Sc. Finally, ethylene
and water were produced through a highly exothermic process
with a barrier height of —57.3 kcal mol ™.

In this reaction scheme, the first hydrogen abstraction is the
rate-determining step with a barrier height of 22.5 kcal mol ™.
It is worth noting that the apparent activation energy during
ODHE over AC-2 was 19.5 kcal mol™!, which was consistent
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with the calculated barrier height (Figure S15). This
consistency strongly supports the validity of this reaction
scheme. The activation energy of AC-1 was 19.3 kcal mol ™},
and this value was comparable to that of AC-2. The difference
in the catalytic activity was solely derived from the pre-
exponential factor, which was 0.87 X 10° mmol s™' g, ' and
2.20 X 10° mmol s™! g, ! for AC-1 and AC-2, respectively,
presenting a 2.5-fold difference. Therefore, the difference in the
catalytic activity between AC-1 and AC-2 is derived from the
number of lattice oxygen defect sites responsible for molecular
oxygen activation.

Figure 6 summarizes the reaction mechanism. When
molecular oxygen was introduced into the a-oxygen defect,
peroxo was generated. With the introduction of ethane, the
hydrogen atom was abstracted by peroxo, leading to the
formation of a radical intermediate. After the second hydrogen
abstraction, ethylene and water were generated. During this
process, the intermediate was stabilized through three-center,
two-electron bonding. The oxygen atom left at the a-oxygen
defect site could be disproportionate to regenerate the a-
oxygen defect site and peroxo.”

B CONCLUSIONS

We clarified the oxidation catalysis of MoVO, a promising
catalyst for ODHE. The catalytic activity of MoVO drastically
increased with appropriate redox treatments, which irreversibly
removed specific lattice oxygens from the crystal structure.
Upon molecule entry into the heptagonal channel, such defects
were concentrated at the site facing the heptagonal channel in
Pen through lattice oxygen migration. Electrons were localized
on the metals adjacent to the resulting oxygen defects. These
electrons were transferred to molecular oxygen upon its
introduction, generating electrophilic peroxo as the catalyti-
cally active oxygen species. We concluded that catalytically
active species in MoVO are generated by the sophisticatedly
organized local structure involving oxygen defects. This work
provided a fundamental understanding of oxidation chemistry,
paving the way to develop evolution-based oxidation catalysts.
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