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ABSTRACT: Single-atom catalysis is indisputably one of the most trending topics
in heterogeneous catalysis with distinctive performances in many important
chemical reactions. However, surface reconstruction during loading of single-atom
targets and its impact on vital reaction steps have rarely been studied. Herein,
taking H2 formation, a key step of alkane dehydrogenation, as an example, with
genetic algorithm structure search, we reveal the structure−reactivity relationship
in the H2 formation on VOx/γ-Al2O3(100). We explore a large number of VOx/γ-
Al2O3(100) (x = 0, 1, 2, 3) structures and discover a few reconstructed structures
with low formation energies. Since the pristine γ-Al2O3(100) support is highly
stable, the production of such structures was completely induced by VOx loading.
One VO3/γ-Al2O3(100) structure generates a stable VO4 motif by reconstructing
the support surface. Its distinct local chemical environment of vanadium can not
only resist the oxygen removal under reductive conditions but can also offer a low-
barrier surface reaction channel to H2 formation. Moreover, the hydrogen atom prefers to diffuse into the vanadium site and then
couple with another hydrogen instead of direct coupling if the initial state involves two hydrogen atoms both on oxygen sites.
Therefore, the H2 formation prefers a surface process that occurs on the vanadium−oxygen pair.

1. INTRODUCTION

Light olefins are significant compounds in the petrochemical
industry, which are the feedstock to produce high-value
chemicals such as polymers and oxygenates.1,2 Alkane
dehydrogenation is an effective supplement to the unprece-
dented growing global demands for light olefins. In general, the
entire dehydrogenation pathway can be divided into two parts:
the C−H bond rupture and the surface hydrogen combination.
For C−H activation on transition-metal oxides, reactive sites
are the acid−base pairs formed by surface metal and oxygen
ions. Various mechanisms have been proposed for alkane
dehydrogenation on metal oxides.3,4 Irrespective of the
mechanism the dehydrogenation undergoes, it would leave
hydrogen atoms on reactive sites. These hydrogen atoms
would form H2 under nonoxidative conditions; otherwise, they
will block reactive sites and deactivate the catalyst. The C−H
activation barrier usually in the range of 1.00−2.00 eV can be
readily overcome under reaction conditions (over 500 °C and
atmospheric pressure). On the other hand, the H−H
formation may have a very large barrier,5 which becomes the
rate-determining step. However, most studies focused on
tailoring the catalytic sites for better C−H activation and
neglected the H−H coupling procedure, which leaves the H2
formation mechanism incomprehensible. It is worth mention-
ing that surface H is a very common surface species in many
catalytic processes.6−9 Therefore, the investigation on H2

formation must be thoroughly carried out and the obtained
insights will further facilitate the rational catalyst design for
plenty of H2-involving catalytic processes such as syngas
conversion and CO2 utilization.

10

To understand the H2 formation in alkane dehydrogenation,
it is also necessary to construct the appropriate catalyst
structure under reaction conditions. Although Pt- and CrOx-
based catalysts have been successfully utilized in industrial
dehydrogenation processes, they are either too expensive for
commercial purposes or unable to satisfy modern environ-
mental requirements. Recently, single-atom catalysts have
received much attention due to their distinctive perform-
ance.11−13 One experimental study demonstrated that
monomeric vanadium oxide has high stability and activity in
nonoxidative propane dehydrogenation (PDH).14 Vanadium
oxides are usually loaded on metal oxide supports, among
which Al2O3-based ones are the most commercially uti-
lized.15−21 Therefore, it is highly necessary to understand the
H2 formation on alumina-supported monomeric vanadium
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oxides, which is the first reason for our current work. In most
computational studies, the structure models were built based
on chemical intuitions. Though many exploration strategies
have been proposed for bulk materials,22,23 most surfaces used
in the reaction investigation in the literature are simple ideal
models. More specifically, for the current system of VOx/γ-
Al2O3(100), one vanadium atom with some oxygen atoms was
typically placed on the high symmetry sites of an ordered oxide
surface to represent real catalysts. It is highly possible that the
adopted structure model is not the most stable one due to the
structural complexity of transition-metal oxides. Moreover, the
low-energy metastable ensemble (LEME) may be missed,
which can be crucial to the catalytic activity.24,25 This inspired
us to explore a general approach to examine a large number of
VOx/γ-Al2O3(100) (x = 0, 1, 2, 3) structures, which is the
second reason for our work. In addition, the detailed
mechanism of H2 formation on many catalysts, particularly
on oxides, remains elusive. For determining the favored
mechanism for such a common reaction is highly desirable,
which is the third reason for our work. In this study, we first
used a density functional theory (DFT)-based global
optimization method to determine stable structures of VOx/
γ-Al2O3(100). Then, the favored H2 formation mechanism on
the catalyst structures we discovered was established.

2. COMPUTATIONAL METHODS

In this work, all structure stability and reaction calculations
were performed using the Vienna ab initio simulation package
(VASP) in the framework of spin-polarized DFT.26,27 The
exchange−correlation interaction was described by the
Perdew−Burke−Ernzerhof (PBE)28 functional. The projector
augmented wave (PAW)29 pseudopotential with a cutoff
energy of 400 eV was adopted for core electrons. Additionally,
the DFT + U method was applied to 3d orbitals of V with an
effective Ueff of 3.2 eV to correct the on-site Coulomb
interactions.30 To account for the van der Waals interactions,
we added D3-correction to reaction calculations.31,32 However,
no significant difference was observed. Therefore, we adopted
PBE + U results for analysis and discussion. The detailed PBE
+ D3 results can be found in Table S2 in the Supporting
Information.

Although the exact γ-Al2O3 structure is still under
debate,33−36 we adopted Digne’s model verified by previous
theoretical and experimental studies.37−39 Figure 1 shows the
p(1 × 2) γ-Al2O3(100) model and the substrate where VOx (x
= 0, 1, 2, 3) was added to the top Al2O3 layer including 10 Al
and 12 O. The low-index (100) surface of γ-Al2O3 was chosen
since it occupies 22% of the surface area and has been used in
various dehydrogenation catalysts.38,39 According to the size of
the unit cell, Brillouin zone was sampled by a (2 × 3 × 1) Γ-
centered Monkhorst−Pack mesh.40 The atoms in the first and
the second layer are relaxed while the remaining are fixed
during the structure optimization.
The global optimization procedure took advantage of the

genetic algorithm (GA) structure search implemented in the
atomic simulation environment (ASE),41−45 the detailed
implementation of which is described in Section 1 in the
Supporting Information (SI). We first carried out coarse DFT
calculations to explore the structures while the final candidates
are refined with the setting listed above, which is a common
strategy to speed up the search procedure.42,43,46 In coarse
calculations, the non-spin-polarized DFT without on-site
Coulomb correction was utilized and the cutoff energy of the
pseudopotential was reduced to 300 eV. The population size
for each generation is 20 and at least 15 generations are
produced to determine the global minimum of each
composition. The coarse-to-accurate workflow and the choice
of the population size and the generation number are shown to
be effective in this work, and are described in detail in the SI
Section 2.
To assess the stability of various VOx/γ-Al2O3(100), we use

the Gibbs free energy as

μ

Δ = − −

−

γ γ− −G E
n

E E

m
2VO

f
VO / Al O (100)
tot

V
tot

Al O (100)
tot

O

x x 2 3 BCC 2 3

(1)

where the first three items are the total energy of solid
compounds and the last term is the chemical potential of
oxygen under the given conditions. There is no DFT + U
applied to body-centered cubic (BCC) bulk vanadium.
According to the experimental results, the catalyst is re-
oxidized using air at a bed temperature of 823 K. Therefore, we
assumed that the catalyst is in equilibrium with the oxygen

Figure 1. Side view and top view of the γ-Al2O3(100) model are illustrated in (a) and (b), respectively. The genetic algorithm explored the
configuration of VOx (x = 0, 1, 2, 3) with the first atomic layer shown in the dashed rectangle. The second layer can be relaxed while the third and
the fourth layer are frozen during the optimization.
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reservoir.5 The chemical potential of surface oxygen can then
be estimated as
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the formation energy serves as an indicator to show whether
a structure can exist under the reaction conditions. In addition,
the higher the formation energy is, the less stable the structure
is.
Based on the Gibbs free energy of formation, we can utilize

the Boltzmann statistics to estimate the probability of a
minimum to be populated pi as

∑= β β− Δ − Δp e / ei i
G

i

Gi i
f f

(3)

where ΔGi is the formation energy difference between the
given structure and the global minimum. The structure
ensemble considered is made up of ones with negative Gibbs
free energy of formation. To measure the reaction contribu-
tions from different structures, we adopted the weighted
reaction rate of site ks

w proposed by Sun et al.,24 which
combines stability based on structure population pi and activity
by the Arrhenius equation. The definition is given by

β= − Δk A G pexp( ) is
w

a (4)

where A is the rate constant of any reaction and ΔGa is the free
energy barrier. We assumed that the rate constant of the same
reaction remains constant. The specific value of A was not
considered since we aim to evaluate the relative reactivity of
each structure. Furthermore, we define the relative reaction
contribution of the ith site by

∑=k k k/i i
j

j
w w

S
w

(5)

where the nominator is the summation of the weighted
reaction rate of S-reactive sites.
Constrained minimization was used to search transition

states (TSs) that were further verified by vibrational
frequencies.47−50 To further understand the reaction process
and the role of the active site, we performed bond-order and
Mulliken charge analysis on critical TSs using CASTEP.51,52

The exchange-correlation interaction was described by the
PBE28 functional. A cutoff energy of 750 eV was set on the
plane wave basis set. The atomic Mulliken population used a
radial cutoff of 3.0 Å.

3. RESULTS AND DISCUSSION
3.1. Stability of VOx/γ-Al2O3(100). We commenced our

research by exploring alumina-supported vanadium oxides.
During the GA structure search, there are in total 2200 VOx/γ-
Al2O3(100) structures calculated using a coarse DFT setting,
the formation energies of which are depicted in Figure 2.
The population of formation energies indicates that most of

the structures with negative formation energy are found in VO2
and VO3 systems. Though there were some VO structures with
negative formation energy, it turns out to be positive when

Figure 2. Illustration of the formation energies of structures explored during the GA structure search. The values in parentheses are the number of
structures explored in the system. The total energy calculations adopted a relatively coarse setting that speeds up the search procedure and then the
final candidates were refined by standard DFT calculations. Though there exists a total energy shift between coarse and accurate calculations, little
effect was found on the relative energy order. γ-Al2O3(100) surfaces with VO2 and VO3 are generally more stable.
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using accurate DFT calculations. Since vanadium is tetracoor-
dinated in its common oxide V2O5, it is expected that forming
more V−O bonds can better stabilize the loaded vanadium. If
more oxygen atoms are included in the system, it is much
easier to form high-coordinated vanadium without drastically
reconstructing the surface structure. Figure 3 depicts the

pristine p(2 × 1) γ-Al2O3(100) and five ordered VOx/γ-
Al2O3(100) structures with low formation energies. For
simplicity, we leave the support formula out and use only
the VOx composition to refer to various structures. The
superscript of chemical symbol denotes the coordination
number of the center atom.
There are two kinds of aluminum atoms (AlVa and AlVb) and

oxygen atoms (OIIIa and OIIIb) on pristine γ-Al2O3(100) as
shown in Figure 3a, where a and b in the superscript are used
to mark two different sites. Our results show that to stabilize
the structure, vanadium should coordinate with as many
oxygen atoms as possible. Thus, the suitable loading place is
the acid−base pair formed by AlVa and OIIIa. The structure of
VO3 in Figure 3b has the lowest formation energy of −0.79 eV
due to its stable tetracoordinated vanadium. There are two
ordered VO2 structures distinguished by the coordination

number of vanadium, as shown in Figure 3c,d. The first one
has three-coordinated vanadium with a larger formation energy
of −0.13 eV (the larger formation energy means that the
structure is less stable, as mentioned above). This structure was
used in a recent study.5 The second one located in our work is
substantially more stable than the one reported in the literature
since it forms the fourth V−O bond by breaking the AlVb−O
bond, which lowers the formation energy by 1.22 eV. For the
VO structure in Figure 3e, vanadium can only form three V−O
bonds, which largely increases the formation energy to 0.72 eV.
The single vanadium-loaded structure in Figure 3f has a
formation energy of 4.32 eV and is highly unstable compared
to those monomeric vanadium oxides.
In addition to the ordered structures, GA search also

produced a few disordered structures that reconstruct the γ-
Al2O3(100) surface. To check whether the reconstruction is
due to the nature of γ-Al2O3(100), we used GA to explore
possible reconstructions of the γ-Al2O3(100) surface as well,
but no reconstruction was found. The histogram of formation
energies is shown in Figure S3 in the SI. This indicates that the
surface reconstruction is completely induced by the VOx
loading. For structures with single vanadium loading, we
found that monomeric vanadium oxides are prone to remain
on the top of the γ-Al2O3(100) surface instead of being the
bulk dopant (see Figure S4 in the SI). The most stable
structure such as the one shown in Figure S5 in the SI, is that
in which the vanadium substitutes the lattice aluminum to
form five V−O bonds. This reconstruction stabilizes the
vanadium atom but pushes the aluminum atom to diffuse to
the surface and become less coordinated, which lowers the
formation energy of 0.18 eV compared to the manually
constructed one. With VO and VO2 structures, vanadium can
form relatively stable VO3 and VO4 motifs without modifying
the γ-Al2O3(100) lattice. Although some disordered structures
are discovered, the most stable structure is still the ordered
surface with VO or VIVO2 (the superscript indicates that
vanadium is tetracoordinated). Interestingly, among VO3
structures, we find that there are two disordered structures
lower in energy by 0.28 and 0.38 eV compared to the ordered
one. Furthermore, the strong reductive atmosphere in PDH
may remove low-coordinated oxygen atoms around the
vanadium site.5 Figure 4 shows three VO3 structures with
their possible reduction pathways, which include one manually
constructed structure and two disordered structures that are
discovered in the GA search. The two significantly disordered
structures are denoted as VO3

ms (superscript ms means
metastable) in Figure 4a and VO3

s (superscript s means
stable) in Figure 4b. The reduction in the energy profile is
shown in Figure 4c. For consecutively removing two oxygen
atoms on the ordered VO3 changes the formation energies by
0.66 and 2.07 eV, respectively. The corresponding reduced
structure is shown in Figure 3. This reduction pathway
indicates that the first removal is relatively easier and further
reduction becomes much more difficult. It is noteworthy that
the generated VIIIO2 after the first oxygen removal will
transform into a more stable structure VIVO2. We also studied
the reduction of disordered VO3 structures. These two
disordered VO3 structures both have one-dimensional AlIV−
AlIV−VIV wire on the surface, which produce a distinct local
chemical environment. The metastable one VO3

ms generates a
VO4 motif without floating the VO bond, which indicates
that it may resist the reduction atmosphere. The removal of
oxygen from the VO4 motif requires a large energy of 2.05 eV

Figure 3. Pristine p(2 × 1) γ-Al2O3(100) and five ordered VOx/γ-
Al2O3(100) structures are depicted in (a)−(f), respectively. O is red,
Al is pink, and V is gray. This notation is used throughout the paper.
The formation energy becomes larger with fewer oxygen atoms.
Among these five structures, VO3/γ-Al2O3(100) and VIVO2/γ-
Al2O3(100) are relatively more stable due to their tetracoordinated
vanadium. The superscript V denotes the coordination number of the
center atom.
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due to the cleavage of one V−O bond and one Al−O bond,
which would create a thermodynamically unfavorable structure
(with positive formation energy). The most stable one, VO3

s,
also creates a VO4 motif but with one floating VO bond that
is similar to VIVO2 and VO3. The removal of such an oxygen
atom requires only 0.77 eV that is close to the one for VO3,
which generates a reduced structure with a formation energy of
−0.40 eV. Since it has a lower formation energy compared to
the ordered VO3 and much higher reduction energy than the
other two VO3 structures, VO3

ms can be considered as one of
the structures under the reaction condition. The structure
ensemble under the reaction conditions consists of three
structures with considerable negative formation energy, namely
VO2, VO3

s, and VO3
ms, the Boltzmann populations of which

are 91, 7.2, and 1.8%, respectively.
3.2. H2 Formation Mechanism. Having thoroughly

determined the stable structures and analyzed the geometric
characteristics of low-energy structures, we were in the solid
position to investigate the H2 formation reaction mechanism
on ordered structures as well as on disordered VO3-variants.
This reaction involves two adsorbed hydrogen atoms to form
hydrogen gas molecules. The reactive acid−base pair is the
vanadium atom and the neighboring two-coordinated oxygen

atom. Although H can adsorb on the three-coordinated
oxygen, the H−H coupling would introduce a large distortion
in the local structure where the V−O bond cleavage occurs. In
other words, the reaction barrier can be very large. Therefore,
we first considered the reactions starting with one H on
vanadium and another on two-coordinated oxygen. The TS of
H2 formation was located and the resulting reaction energies
and geometric variables in the TSs are listed in Table 1 while
the corresponding structures can be found in Figure S6 in the
SI. The free energies were computed with correction by
harmonic-limit approximation at 550 °C and 1 atm. We also
located the TSs with one partially-activated H2 molecule over
the O site, which has been found in a recent study5 (see Figure
S7 in the SI). This is also the only type of TS we located on
ordered VO3. However, the distance between the upper H and
the vanadium site is usually very large (over 3.0 Å). Thus, this
kind of TS cannot be considered as the one for the surface H−
H coupling. For the bond distances in the TSs, the typical H−
H bond distance in the TS is ca. 1.00 Å that is a little longer
than the bond distance of 0.75 Å in the H2 molecule, which is
reasonable. The H−V bond distances are around 1.8 Å except
for the TS of the one on VO. The longer H−V distance of 1.92
Å can be attributed to the low valence state of the vanadium

Figure 4. Two disordered structures, VO3
ms (the superscript ms denotes metastable) and VO3

s (the superscript s denotes stable), are illustrated in
(a) and (b), respectively, both of which generate stable VO4 motifs. The structural difference between these two disordered structures is that VO3

s

has one VO bond while VO3
ms does not. The reduction pathways of VO3-variants are exhibited in (c). The reduced VO3

ms structure is depicted
in the orange box while the reduced VO3

s is in the green box. VO3
ms requires more energy to remove the first oxygen compared to VO3 and VO3

s,
which indicates that it is more stable under reductive conditions.
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which is coordinated by fewer oxygen atoms. The H−O bond
distances have a relatively larger range from 1.00 to 1.35 Å. For
the reaction energies, the reaction becomes more thermody-
namically favorable with more oxygen atoms. On the other
hand, there is no obvious relation between the reaction barrier
and the number of oxygen atoms in the added VOx. Among all
the reactive sites, the reaction on the metastable structure
VO3

ms has the lowest barrier of 0.46 eV (VO3
ms-1) that is lower

than half of the one on VIIIO2 (1.13 eV). In tandem with its
resistance to oxygen removal, VO3

ms may be the reactive site

responsible for H2 formation during the PDH process. When
considering the reactive structure ensemble constructed in
Section 3.1 and the reactive site with the lowest barrier, the
weighted reaction rate analysis shows that the rate contribu-
tions from VO2, VO3

s, and VO3
ms are 39.6, 14.8, and 45.6%,

respectively. It is noteworthy that VO3
ms contributes almost

half of the rate with only 1.7% population. This observation
further demonstrates that the minority structure can be crucial
to the activity.
Since vanadium is the site for C−H activation,5,18−20 it is

highly possible that the configuration after the second H
abstraction of alkane has two hydrogen atoms, both adsorbed
on the oxygen sites. Taking H2 formation on VO3

ms as an
example, we examined the diffusion pathways for H moving to
the nearby vanadium atom. The corresponding TSs were
located and the entire reaction pathway and the TS structures
are shown in Figure 5. The active site made up of three atoms
are denoted as V, Oa, and Ob, while the reactants include two
hydrogen atoms which are marked as Ha and Hb. The diffusion
from Ob to V has a large energy barrier of 2.59 eV due to O−H
bond breaking. Once Hb moves to adsorb on V, it can couple
with Ha on the Oa site by overcoming a small barrier of 0.46
eV, as discussed above. Alternatively, Hb can directly couple
with Ha, but the energy barrier of 3.27 eV is large, which is
larger than the diffusion barrier by 0.68 eV. Based on the
thermodynamic data, the H−H coupling mechanism prefers

Table 1. H2 Formation on Various Sites, Where ΔGa is the
Activation Free Energy Barrier and ΔGr is the Reaction Free
Energy Changea

surface site
ΔGa
[eV]

ΔGr
[eV]

dH−H
[Å]

dH−O
[Å]

dH−V
[Å]

VO OII−V 0.56 −1.15 1.04 1.27 1.92
VIIIO2 OII−V 1.13 −0.81 0.995 1.32 1.86
VIVO2 OII−V 0.75 −1.32 1.00 1.34 1.84
VO3

ms-1 OII−V 0.46 −2.91 1.04 1.23 1.81
VO3

ms-2 OII−V 0.54 −3.14 1.07 1.14 1.85
VO3

s-1 OI−V 0.80 −2.13 1.00 1.25 1.82
VO3

s-2 OII−V 0.64 −2.28 1.06 1.23 1.84
VO3

s-3 OII−V 0.66 −2.27 1.00 1.26 1.82
aThree critical interatomic distances in the transition states are listed
as dH−H, dH−O, and dH−V.

Figure 5. Two H2 formation mechanisms, two-step mechanism and direct-coupling mechanism, with their transition states are exhibited where H is
shown in white. The energy profile of the diffusion−coupling mechanism and the direct-coupling mechanism are shown in (a). The diffusion
transition state and two coupling transition states are shown in (b), (c), and (d), respectively. Two hydrogen atoms are both on the adsorption sites
in the diffusion−coupling mechanism, while one of them is far from the vanadium site (distance 2.32 Å) in the direct coupling.
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the diffusion−coupling pathway even if the direct coupling
route exists.
We further performed bond-order and Mulliken charge

analysis to understand these reaction processes and the role of
vanadium. Four critical structures with bond-order values and
charges marked are shown in Figure 6. This analysis focuses on
the active sites and the reactants. The H2 formation
mechanism starts from the initial structure with both hydrogen
atoms adsorbed on oxygen sites, which has two stable O−H
bonds with a bond order of around 0.60, as labeled in Figure
6a. For the H diffusion process, as shown in Figure 6b, Hb

forms weak covalent bonds with the Ob and V, the bond-order
values of which are 0.15 and 0.11, respectively. There is a large
decrease in the Ob−Hb bond order from 0.59 to 0.15 during
diffusion. This further proves that the large diffusion barrier of
2.59 eV is due to the change of the Ob−Hb bond. For the first
kind of H−H coupling TS shown in Figure 6c, it is interesting
that there is no covalent bond between Hb and V. Meanwhile,
there are considerable net charges on these two atoms, −0.31 e
for Hb and 1.83 e for V. With a small interatomic distance of
1.81 Å, the electrostatic interaction between Hb and V is
strong, which stabilizes the TS and makes this reaction a
surface process. The situation is very similar for the second
coupling TS shown in Figure 6d. There is no covalent bond
between Hb and V, which is similar to that of the first coupling
TS. However, the electrostatic interaction is weaker since the
distance between Hb and V is larger (2.32 Å) and the net
charges on these two atoms are smaller (1.71 e on V and −0.27
e on Hb). The weak electrostatic interaction in this TS may be
one of the reasons for its high energy barrier. Moreover, the
covalent bond between Oa and V is cleaved in the TS, which
partially contributes to the high energy barrier. According to
the analysis of the bond order and the Mulliken charge, we
further demonstrate that the coupling mechanism prefers a
surface process.

4. CONCLUSIONS

In conclusion, this work represents one of the first attempts to
systematically investigate the stable structures of single-atom
catalysts using the DFT-based global optimization method. We
have found that loading monomeric vanadium oxide would
induce the reconstruction of the γ-Al2O3(100) support. Among
a large number of explored configurations, the VO3

ms structure
forms a stable VO4 motif that resists oxygen removal and
provides low-barrier H2 formation sites. According to the
Boltzmann population and weighted reaction rate, VO3

ms can
contribute a large part of the total reaction rate with a small
population. Furthermore, the direct-coupling mechanism
beginning with both hydrogen atoms adsorbed on oxygen is
thermodynamically unfavorable. The favored mechanism is
that one hydrogen diffuses to vanadium and then couples with
another oxygen-adsorbed hydrogen. This mechanism is further
confirmed by the bond-order and Mulliken charge analysis.
Based on these results, we suggest that the reasonable H2

formation pathway should be a surface process that occurs on
the vanadium−oxygen pair in contrast to the pathways
reported in the literature. This resolves the problem of the
H2 formation mechanism on VOx/γ-Al2O3(100), which is a
crucial step in PDH. This reconstruction process not only
produces more stable structures but also generates a distinct
local chemical environment that builds active sites. This novel
discovery indicates that determining the structures of
supported catalysts is not straightforward and special care
must be taken during the modeling of catalyst active sites. It is
necessary to explore such catalysts using global optimization
methods to obtain a better understanding of the structure−
reactivity relationship. This would guide us to explore more
single-atom catalyst systems in the future.

Figure 6. Bond-order and Mulliken charge analyses were performed on four critical structures in the H2 formation mechanism. The initial structure
is shown in (a) while three significant transition states are shown in (b), (c), and (d), respectively. The number marked on the bond is the bond
order. The large diffusion barrier from (a) to (b) is due to the weakening of the O−H bond, which is indicated by the decrease of bond order from
0.59 to 0.15. Although there is no covalent bond between H and V as shown in (c) and (d), the strong electrostatic interaction makes H−H
coupling close to the surface and stabilizes the transition state.
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