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ion of surface oxygen vacancies in
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oxidative dehydrogenation of propane†
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Redox catalysts play a critical role in chemical looping oxidative dehydrogenation of propane (CL-ODH).

However, challenges persist in modulating lattice oxygen in metal oxides and maintaining surface

oxygen coverage to prolong the oxidative dehydrogenation stage. This paper describes the role of

oxygen vacancies by evaluating numerous vacancy distribution patterns, including surface and bulk

distributions, to identify VOx surfaces across a wide range of reduction degrees, guided by calculated

oxygen vacancy formation energy. The surface reactions are classified into three distinct stages based on

surface oxygen vacancy coverage (Ovc), with transitions between stages attributed to the excessive

reactivity of lattice oxygen, variations in vanadium valence states, and the localized limitations of vacancy

effects. Additionally, four high-valent metal dopants (W, Mo, Nb, and Os) identified through charge

transfer energy (CTE)-based descriptors effectively reduce oxygen reactivity while optimizing the

utilization of bulk lattice oxygen to maintain favorable surface Ovc. These findings provide essential

theoretical insights and a strategic framework for the rational design of redox catalysts in CL-ODH

applications.
Introduction

The increased availability of low-cost propane, driven by the
shale gas revolution, has generated signicant interest in
propane dehydrogenation.1–4 However, current industrial cata-
lysts for nonoxidative propane dehydrogenation (PDH) face
limitations due to their endothermic nature (DrH° =

124 kJ mol−1) and the high operating temperatures (>500 °C)
required for viable propane conversion (∼40%), which lead to
severe catalyst deactivation from coking.5–8 Alternative oxidative
dehydrogenation (ODH) offers a potential solution by intro-
ducing an oxidant to overcome thermodynamic constraints and
suppress coking.9–12 Nonetheless, high selectivity is oen
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compromised by consecutive oxygenation reactions, and co-
feeding with gaseous molecular oxygen poses explosion
risks.13–15

In contrast, chemical looping oxidative dehydrogenation of
propane (CL-ODH) technology employs redox catalysts, typically
referred to as oxygen carriers, to facilitate the cyclic transfer of
matter and energy within the system.16–18 In this process, lattice
oxygen from metal oxides serves as the sole oxidant during
dehydrogenation, with controlled utilization ensuring a moder-
ately selective ODH process and signicantly reducing the
explosion risk associated with molecular oxygen co-feeding.19

Modeling predicts a maximum propylene yield of 73.4%, pre-
senting highly attractive performance even compared to exist-
ing ODH technologies.20 Vanadium oxides have been extensively
investigated as efficient catalysts for both PDH and ODH.21–23

Nevertheless, their application in CL-ODH is hindered by over-
oxidation, as high valence vanadium (V5+) tends to oxidize
propane into COx rather than selectively producing
propylene.24,25 V4+ species have been identied as the optimal
phase for moderate activity and selectivity, whereas V2O3 served
as unreducible PDH species.26–28 Recently, high-loading
vanadium-based oxides (40 wt% VOx/Al2O3) have exhibited
promising catalytic activity, achieving a 36% propane conver-
sion rate at 500 °C, coupled with rapid lattice oxygen diffusion
occurring within minutes during the reaction stages, while
displaying distinct stage-wise reaction characteristics.24,27,29,30

However, it remains unclear which oxygen species are
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scheme of the stepwise reduction approach for removing
lattice oxygen species (A). Ov formation energy of VOx surfaces with
different Ovc across numerous Ov distribution patterns (B).
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responsible for selective oxidative dehydrogenation and the
selectivity of propylene in CL-ODH still shows certain dispar-
ities compared to that in PDH. Additionally, the distinction
between ODH and PDH, as well as strategies to extend the
lifetime of the ODH stage, remains to be further investigated.

Oxygen vacancies in reducible oxide oxygen carriers are key
factors in regulating their catalytic performance. Fan et al.31

demonstrated that in the chemical looping methane conversion
process, oxygen vacancies facilitate partial oxidation by
lowering dehydrogenation barriers, although excessive vacancy
concentration limits further catalytic improvement. Chen
et al.32 found that changes in surface oxygen concentration drive
the shi of perovskite oxides from complete combustion (O-rich
surfaces) to selective oxidation (O-decient surfaces), with
vacancy concentration tunable by controlling the oxidation
time. Additionally, our previous work27,33 identied that the
oxygen reactivity was dependent on the dispersion states of
supported VOx, with activity increasing as V loadings increase.
However, the role of oxygen vacancies as key modulators of
catalytic performance remains unresolved. Hence, revealing the
structure–performance relationship between the reduction
process of the oxygen vacancies and catalytic performance is of
vital importance, particularly for the rational design of redox
catalysts that transcends traditional trial-and-error methods.

In this work, using density functional theory (DFT), nearly
a thousand possible vacancy distribution patterns were calcu-
lated to elucidate the redox processes of VOx-based oxygen
carriers, identifying surfaces with varying oxygen vacancy
coverage (Ovc) through a stepwise oxygen reduction method.
Reaction network analysis categorized the surface reactions into
three distinct stages based on Ovc, with stage transitions
attributed to the excessive reactivity of lattice oxygen, uctua-
tions in vanadium valence states, and localized vacancy effects,
as revealed by electronic and geometric structure analyses.
High-valent metals (W, Mo, Nb, and Os), identied via
improved charge transfer energy (CTE)34-based descriptors
which describe the electron-donating ability of lattice oxygen,
effectively reduced C–H bond activation capacity while main-
taining surface Ovc thus extending the ODH stage lifetime.
These ndings provide valuable insights for screening efficient
oxygen carriers and optimizing C–H bond activation to achieve
more efficient catalytic processes.

Results and discussion
VOx-based oxygen carrier reduction process

To unravel the reduction process and construct a series of VOx

surface models with varying Ovc, we systematically removed
lattice oxygen from a 4 × 4 expansion of the VO2 slab using
a stepwise reduction method (Fig. 1A), and V4+ species in VO2

showed the best performance with balanced oxygen vacancy
(Ov) formation energy and propylene adsorption energy
compared to those in V2O5 and V2O3 (Fig. S1†). Coverage refers
to the ratio of oxygen vacancies in the defective surface to the
active oxygens in the pristine surface. The optimal Ov distri-
bution pattern, reecting the redox properties of lattice oxygen,
was determined based on the magnitude of oxygen vacancy
© 2025 The Author(s). Published by the Royal Society of Chemistry
formation energy (eqn (1)),35,36 with full computational details
provided in the ESI.†

EOv = E(1+x)Ov − ExOv + [C3H6 (g) + H2O (g) − C3H8 (g)] (1)

Here, E(1+x)Ov and ExOv represent the energy for the relaxed slab
with 1 + x and x oxygen vacancies, respectively. C3H6 (g) + H2O
(g) − C3H8 (g) was used as a reference for single oxygen energy.

As shown in Fig. 1B, a wide range of potential multi-oxygen
vacancy models were examined, with nearly a thousand
vacancy distribution patterns calculated, encompassing surface
and bulk distributions. The locations of optimally reducing
oxygen species, dened by the lowest EOv across different Ovc
levels, are illustrated in Fig. S2.† Among all investigated Ov
distribution patterns for the pure VOx system, surface bridge
oxygen species consistently displayed higher redox activity.
During chemical looping, bulk lattice oxygen diffuses to the
surface to replenish vacancies, with EOv serving as a thermody-
namic descriptor for diffusion tendency. Bulk lattice oxygen
generally has higher vacancy formation energy than surface
bridge oxygen. Furthermore, oxygen vacancies exhibited
a strong tendency to cluster, which was energetically favorable,
lowering both individual and average Ov formation energy
across the entire investigated Ovc range (Fig. S3†). Thermody-
namically, oxygen vacancies primarily concentrate on the
surface and aggregate, contributing to a more stable overall
structure.

Reaction mechanisms

During the CL-ODH process, redox catalysts demonstrate
distinct stage-specic reaction characteristics.37–39 The activa-
tion of alkanes during the dehydrogenation process occurs via
lattice oxygen within carriers, rather than through gas-phase
molecular oxygen. The evolution of lattice oxygen alters the
surface Ovc, subsequently inuencing the reaction route. As
illustrated in Fig. 2, these routes include over-oxidation,
oxidative dehydrogenation (ODH), and propane dehydrogena-
tion (PDH) mechanisms. To elucidate the reaction mechanisms
on surfaces with different Ovc, we rst performed a comparative
analysis of the H2 formation route [2OH* / H2] against the
H2O formation route [2OH*/H2O* + Ov]. In this work, H2O is
produced via the ODH route, while H2 is generated through the
PDH route.40 As illustrated in Fig. S4,† as Ovc increases, the H2O
Chem. Sci., 2025, 16, 4710–4717 | 4711
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Fig. 2 Scheme of reaction routes during the CL-ODH process.
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formation route with lower reaction energy compared to the H2

formation route, indicating the reaction stage transitions from
the ODH stage to the PDH stage. Moreover, the continuous
oxidation of propane is the main factor contributing to the
lower selectivity of ODH compared to PDH. Previous studies
have established that adsorbed acetone (CH3O*CH3) is the key
intermediate responsible for over-oxidation.41–43 We systemati-
cally compared the reaction energies associated with the
formation of C3H*

6½C3H*
7 þH*/C3H*

6 þ 2H*� and
CH3O*CH3½C3H*

7 þH*/CH3O*CH3 þ 2H*� routes. As shown
in Fig. 3B, the CH3O*CH3 route on pristine and initially reduced
VOx surfaces (Ovc range: 0.0–0.50) exhibited lower reaction
energy, corresponding to the over-oxidation stage. With further
consumption of lattice oxygen (Ovc range: 0.50–0.75), the C3H*

6

route displayed lower reaction energy compared to the CH3-
O*CH3 route. Subsequent analysis indicated that surfaces
within this range also exhibited lower propylene adsorption
energy (Fig. 4E), highlighting the importance of effective
propylene desorption to suppress further oxidation.14,44,45

Therefore, a medium Ovc range is favorable for propylene
generation through the ODH route, aligning with optimal
surface vacancy coverage. Overall, the surface reaction can be
classied into three stages based on different Ovc (Fig. 3A):
Stage I: over-oxidation (at low Ovc)

C3H8 + 10O (lattice oxygen) / 3CO2 + 4H2O + 10Ov (2)

Stage II: oxidative dehydrogenation (at medium Ovc)

C3H8 + O (lattice oxygen) / C3H6 + H2O + Ov (3)

Stage III: nonoxidative dehydrogenation (at high Ovc)
Fig. 3 Three distinct reaction stages determined by surface Ovc (A).
Plot of different Ovc surfaces against the second C–H bond activation
reaction energy of the C3H

*
6 route and CH3O*CH3 route (B).

4712 | Chem. Sci., 2025, 16, 4710–4717
C3H8 / C3H6 + H2 (4)

Here, low Ovc denotes the 0–25% ratios of oxygen vacancy
compare to the pristine surface, medium Ovc denotes the 25–
75% ratios of oxygen vacancy compare to the pristine surface,
and high Ovc denotes the 75–100% ratios of oxygen vacancy
compare to the pristine surface.

The over-oxidation stage in the pure vanadium oxides is
excessively prolonged, accounting for approximately half of the
process, whereas the ODH stage is comparatively brief, consti-
tuting only about one-quarter. This underscores the necessity of
regulating surface Ovc to maintain it within an optimal range to
extend the duration of the ODH stage lifetime and improve
catalytic performance.
Role of the vacancy effect

For revealing the motivation behind the reaction stage transi-
tion, Bader charge, density of state (DOS) and Crystal Orbital
Hamilton Population (COHP) analyses were performed on
surfaces with varying Ovc to understand the geometric and
electronic structure effects of vacancies. Following surface
relaxation, adjacent metals near the Ov tended to form metal–
metal bonds (3.04 Å / 2.81 Å) to achieve a lower energy state,
with the distortion induced by the vacancy localized around it
(Fig. S5†). Bader charge analysis was performed to quantify the
charge redistribution around each atom.46 As depicted in Fig. 4B
and S6,† most excess electrons were absorbed by adjacent sites,
particularly affecting the valence state of the neighboring
vanadium atoms. The average valence state of surface vanadium
decreased from 1.90e to 1.74e, where the transition from 1.90e
to 1.79e corresponds to the over-oxidation stage, the range from
1.79e to 1.74e reects the ODH stage, and values below 1.74e
indicate the PDH stage. Additionally, the electronic structure
effects induced by the vacancy were found to be delocalized,47 as
revealed by electronic structure and charge density difference
analyses (Fig. S7†). The COHP technique was employed to
quantify bonding strength and provide insights into bonding
characteristics through orbital interactions.48 The –COHP
curves (Fig. 4C and S8†) showed that at 0.50 Ovc, the presence of
antibonding states below the Fermi level suggested V–O bond
instability, correlating with enhanced C–H activation. Thus,
while surface vacancies signicantly alter the local electronic
and geometric environments of adjacent sites, their effects on
the valence states and bonding characteristics of neighboring
metal atoms are less pronounced due to the delocalized nature
of the vacancy effect.

Building upon previous research, vacancies in redox cata-
lysts play a critical role in reactions by altering electronic and
geometric structures or serving as potential active sites.49–51

Hydrogen atom affinity reects site activity.52 Additionally,
vacancies create a complex surface microenvironment
comprising various sites,53,54 motivating investigation into all
possible reaction sites on different Ovc surfaces. Our calcula-
tions accounted for all potential adsorption sites, including
vacancies and lattice oxygen species on VOx surfaces. As shown
in Fig. S9C,† hydrogen atoms exhibited stronger adsorption on
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Adsorption modes of propylene on VOx surfaces (A). Bader charge analysis; the absolute charge difference for each remaining ion,
referenced to the pristine surface site upon oxygen vacancy formation, is shown, with data for the nearest neighbouring transition metals and
lattice oxygen indicated in light blue shading (B). The –pCOHP curves for V–O bonds within V–O–V species (focusing on the V–O bond with the
lower ICOHP value) across the calculated range of Ovc surfaces, with data for unique antibonding of the 0.50Ovc surface V–Obond indicated in
red shading (C). Plot of different Ovc surfaces against the first C–H bond activation energy (D) and (E) propylene adsorption energy. The data
shown represent the sites with the strongest activity and strongest adsorption, respectively.
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bridge oxygen sites than on Ov sites across the examined Ovc
range, with the strongest adsorption energy being −1.32 eV for
bridge oxygen sites and the weakest being 1.51 eV for Ov sites.
This nding suggests that, for the rst dehydrogenation step
ðC3H8ðgÞ/C3H*

7 þH*Þ, lattice oxygen serves as a more favor-
able active site compared to oxygen vacancies. Furthermore, we
compared the C–H bond activation energy, H adsorption
energy, and Ov formation energy of different oxygen species
(bridge oxygen and hollow oxygen) on the pristine surface
(Fig. S9D†). The results revealed that bridge oxygen is more
likely to serve as the active oxygen species during the reaction.
In the ODH process, the rate-determining step (RDS) may be
either the rst or second dehydrogenation step
ðC3H*

7/C3H*
6 þH*Þ.55 Our free energy calculations for these
© 2025 The Author(s). Published by the Royal Society of Chemistry
steps (Fig. S10C†) identied the rst dehydrogenation step as
the RDS, with DG1 = 1.91 eV and DG2 = 1.39 eV. Accordingly,
subsequent discussions are based on the rst dehydrogenation
step being the RDS.

To explore the relationship between surface activity and
vacancy coverage, we conducted kinetic calculations on all
potential dehydrogenation sites across the full spectrum of Ovc.
As shown in Fig. 4D, the capacity for C–H bond activation is
particularly high on the initially reduced surfaces and decreases
gradually as Ovc increases. The 0.50 Ovc surface exhibited
unique C–H activation characteristics due to its geometry and
the unstable V–O bond (Fig. 4C). Propylene desorption is crucial
for enhancing the selectivity of propane dehydrogenation,
prompting a comprehensive exploration of various adsorption
Chem. Sci., 2025, 16, 4710–4717 | 4713
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Fig. 5 Schematic diagrams (A) of the orbital charge-transfer energy (left) and the effect of oxygen vacancy on charge-transfer energy (right). Ov
formation energy corresponding to different metal dopants (B). Plot of g against the first C–H bond activation energy (C), and the inset shows the
charge density difference of the radical-like transition state; yellow indicates e− donation and blue indicates e− acceptance. Propylene
adsorption energy corresponding to differentmetal-doped VOx surfaces (D). Distribution pattern of theW-doped VOx slabmodel coexistingwith
bulk and surface oxygen vacancies (E).

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ph

es
ek

go
ng

 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
02

5-
12

-0
6 

06
:2

1:
25

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
congurations of propylene in this work (Fig. 4A and S9†).
Within the investigated Ovc range, propylene showed the
strongest adsorption in the dioxygen conguration (di-s) on the
VOx surfaces. Fig. 4E illustrates that propylene adsorption is
notably strong on initially reduced surfaces but diminishes with
increasing Ovc, demonstrating an inverse relationship
compared to activity. This trend is particularly signicant as it
highlights the inherent trade-off between reaction activity and
selectivity regulated by oxygen vacancies, a characteristic
feature of redox-type metal oxide catalysts. This balance arises
from the dual role of vacancies, which enhance selectivity while
simultaneously reducing lattice oxygen reactivity. Under-
standing and optimizing this trade-off is critical for improving
the catalytic performance and achieving a desired favorable
yield in redox catalysts.
4714 | Chem. Sci., 2025, 16, 4710–4717
Overall, oxygen vacancies serve as important point defects
that regulate both the selectivity and activity of vanadium-based
oxides during the dehydrogenation process. However, the high
reactivity of lattice oxygen and the delocalization effects of
vacancies necessitate consuming a sufficient amount of lattice
oxygen to maintain surface reactions within the ODH stage.
Furthermore, design strategies such as defect engineering—
controlling the oxidation time of oxygen carriers to adjust defect
concentration—must navigate the trade-off between reaction
activity and selectivity.

Regulation of surface Ov coverage

Upon the formation of oxygen vacancies on metal oxide
surfaces, as shown in Fig. 5A, electrons transfer from the O 2p-
band center to the Fermi energy (EFermi), causing a shi in the O
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2p-band center away from EFermi. Concurrently, the unoccupied
3d-band center of the metal coordinated with oxygen moves
closer to EFermi, indicating that C–H bond activation depends on
both the properties of lattice oxygen and the coordinated metal.
Charge density difference (Fig. 5C inset) of the radical-like
transition state of C–H bond activation revealed that the elec-
tron transfer process involves both the coordinated metal and
lattice oxygen. Based on the observed changes in metal valence
and Ovc, we devised a C–H bond activation descriptor using
charge transfer energy (CTE).34,56 The CTE refers to the differ-
ence between the O 2p-band center and the unoccupiedmetal d-
band center (eqn (5)). To account for the variation in Ovc across
different VOx surfaces, the CTE was further rened to develop
a novel parameter, denoted as g (eqn (6)).

CTE = average coordinated metals �3d-un − oxygen 3p (5)

g = CTE + CTE × coverage × (1/Noxygen+coordinated metals) (6)

Here, �3d-un represents the average unoccupied d-band center of
metals coordinated with lattice oxygen, and 3p denotes the 2p-
band center of lattice oxygen. Noxygen+coordinated metals corre-
sponds to the total number of lattice oxygen and coordinated
metal atoms considered in the CTE calculation.

Previous studies have demonstrated that atomic-scale
doping signicantly improves propylene selectivity.24 Given
the high reactivity of VOx, we evaluated the catalytic perfor-
mance of doped-VOx systems. As shown in Fig. 5C, a linear
relationship between g and the rst C–H bond activation energy
is observed for doped-VOx systems containing both dopants and
Ov. Our work focused on the most active sites on different VOx

surfaces. Given our interest in the electronic effects induced by
dopant metals, we developed model catalysts for the doped VOx

systems without accounting for the stepwise oxygen reduction
process within the doped structures. Notably, g showed
moderate predictive capability for assessing C–H bond activa-
tion energies across various sites on the same given surface
(Fig. S11†). Four metal dopants (W, Mo, Os, and Nb) were
identied as effective in signicantly reducing the reaction
activity of lattice oxygen, with surface-doped sites exhibiting
greater stability than subsurface and bulk-doped sites
(Fig. S12†). Additionally, the Ov formation energy effectively
predicts the reactivity of oxygen species,57 with high-valent
doped VOx exhibiting higher Ov formation energy (Fig. 5B).

While oxygen vacancies can modulate the catalytic proper-
ties of metal oxides, they also disrupt the scaling relationships
seen in pristine metal oxides. A deviation in the scaling rela-
tionship between vacancy formation energy and hydrogen
adsorption energy was observed (Fig. S14†), and the strong O 2p
and V 3d orbital interactions near the Fermi level limit the
predictive accuracy of the single O 2p-band center for C–H bond
activation energy (Fig. S15†).

As depicted in Fig. 5D and S10D,† the adsorption energy of
propylene associated with these dopants underwent a signi-
cant reduction, indicating that doping with high-valence metals
can enhance selectivity. This change can be attributed to elec-
tronic effects, as evidenced by the observed downward shi in
© 2025 The Author(s). Published by the Royal Society of Chemistry
the O 2p-band center (Fig. S13†), while the adsorption cong-
uration of propylene remained unchanged (Fig. S10D†). To
thoroughly examine the role of dopants in regulating surface
Ovc, we selected W-doped VOx and utilized the approach out-
lined in the previous section to assess the oxygen vacancy
distribution patterns. Fig. 5E and S16† demonstrate that, at
high Ovc (above 75% ratios of oxygen vacancy) to further
reduction, bulk lattice oxygen vacancies are energetically
favored over the surface vacancies, forming patterns with both
bulk and surface vacancies instead of further consuming
surface oxygen. Notably, high-valent metal doping does not alter
the oxygen carrying capacity or oxygen release (∼4.7 wt%) of
vanadium-based oxygen carriers.24 This thermodynamically
stable vacancy distribution pattern indicates an increase in
lattice oxygen utilization, with more lattice oxygen being
directed toward ODH rather than over-oxidation. We did not
investigate kinetic differences between surface oxygen
consumption and bulk oxygen diffusion rates, as our research
focused on the effect of Ov on the surface reaction mechanisms.
Overall, atomic-scale surface doping with high-valent metals,
guided by the CTE-based descriptor g, effectively regulates
vacancy distribution and reduces the excessive reactivity of
lattice oxygen.

Conclusions

In summary, our work demonstrates that high-valent metal
doping effectively prolongs the ODH stage of vanadium-based
oxides during the CL-ODH process while improving the utili-
zation of lattice oxygen. By systematically investigating the
reaction network on surfaces with varying degrees of reduction,
we revealed that based on surface oxygen vacancy coverage, the
reaction process can be classied into three stages (over-
oxidation, ODH and PDH). The high reactivity of lattice
oxygen and the delocalized nature of vacancy effects introduce
a trade-off between reaction activity and selectivity, both gov-
erned by oxygen vacancies. Using an improved charge transfer
energy descriptor, we successfully screened four high-valent
metal dopants (W, Mo, Nb, and Os) that signicantly reduce
the C–H activation capacity of lattice oxygen. These dopants also
regulate oxygen vacancy distributions and stabilize surface
coverage within an optimal range to extend the duration of the
ODH reaction stage. In particular, defect and doping engi-
neering can be employed to optimize vanadium-based oxygen
carriers by adjusting defect concentrations through controlled
oxidation time and reducing lattice oxygen reactivity to
suppress over-oxidation. This work provides a strategic frame-
work for optimizing the design of redox catalysts for CL-ODH
and for predicting C–H bond activation energies across
various lattice oxygen sites in complex oxide systems.

Computational methods

We performed periodic spin polarized DFT calculations using
the Vienna ab initio simulation package (VASP). The Perdew–
Burke–Ernzerhof (PBE)58 exchange–correlation functional was
employed and an additional coulomb repulsion parameter of
Chem. Sci., 2025, 16, 4710–4717 | 4715
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Ueff = 3.2 eV (ref. 27 and 59) was applied to the d states of
vanadium. Projector augmented wave (PAW)60 pseudopotentials
were employed to describe core electrons and the valence elec-
tronic wave functions were expanded in plane waves with
a cutoff energy of 400 eV. A 4 × 4 expansion of the VO2 (110)61,62

slab surface unit cell is used. The rst three layers of atoms are
relaxed, while the remaining two layers are xed during the
structure optimization. More details of the calculations are
provided in the ESI.†
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